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PREFACE 


The immense growth of the application of ultra- and extreme-short 
waves during World War II needs no further comment. The peace- 
time application of the experience thus gained calls for a coherent 
exposition of the principles and data at present available. It is the 
object of this book to offer these in such form as to admit of their direct 
application to individual reception problems. In his professional work 
of the past sixteen years the author had to acquaint himself with most 
phases of this field, being associated with the development of electronic 
tubes suited to these short waves ranging down to, say, 1 cm wave- 
length. Besides a number of experimental and theoretical data, partly 
unpublished or not yet widely circulated, published work from other 
sources has been assimilated so as to obtain an all-round exposition. Due 
attention has been drawn to restrictions still inherent to the treatment 
of some problems, with a view to stimulating further developments. 

The frequency range treated is from about 6 to 30,000 mc/s thus 
covering the h.f, (3 ~ 30 mc/s), v.h.f. (30 — 300 mc/s), u.h.f. 
(300 — 3000 mc/s), and s.h.f. (3000 — 30,000 mc/s) ranges. Chapter 
I deals with the properties, propagation, reflection, and absorption of 
waves, including ionospheric data, as well as with signals, i.e., with the 
aspects of amplitude, phase, frequency, and impulse modulation. 
Chapter II contains information and data on spontaneous fluctuation 
noise of networks and tubes, due regard being given to the modem way 
of introducing noise figures. Section 11. 2.2, dealing wdth properties of 
noise figures, is thought to contain some items that may be new even to 
reception engineers. In Chapter III the relevant properties and data on 
reception antennas are given a unified treatment, including noise. 
Chapter IV deals with the links between antennas and receiving sets; 
transmission lines, wave guides, and resonant devices (circuits and 
cavities), illustrating their properties by data of actual examples. In 
order to give the reader an over-all picture of practical experimental 
data at present available, Chapter V contains a compilation of such data 
as well as a description of the experimental devices for obtaining them. 
Hereby it is hoped that experimental research by application of such 
devices might be stimulated in order to fill existing gaps in our present 
knowledge. Chapter VI deals with perhaps the most important stages 
of receivers: the entrance stages, including amplifier, mixer, regenerative 
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detector, and super-regeneration stages. Some possibilities of noise 
reduction mentioned in sections VI. 1.2 and VI.2.4 are supposed to be not 
yet "videly known. Finally, Chapter VII contains information on further 
reception stages such as second detector and output stages, frequency- 
modulation reception, impulse-modulation and single side-band recep- 
tion, over-all design, including fading compensation, stabilized power 
sapply, microphonic effects, and radar. A list of principal symbols has 
been added. Throughout the text practical units such as volts, amperes, 
ohms, etc., have been used. 

Although the scope of the book may be evident from this summary, 
the separate treatment of reception as distinct from transmission per- 
haps needs some comment. The main reason, in the author’s mind, 
lies in essential differences between the problems involved, such as the 
following: noise problems are often predominant with reception and 
mostly absent with transmission. Reception circuits and tubes nearly 
always involve low values of h.f . power, whereas high values arc common 
in transmission. The number of receivers being by far larger than that 
of transmitters, different design problems are involved. 

Decimal numbering of sections and subsections has been adopted, 
e.g., II.1.21 being a sub section of II. 1.2, this being a division of II.l and 
this in turn being a section of Chapter 11. The equations in each 
section have been numbered a, 6, c, etc., preceded by the section indica- 
tion, Thus, reference to an equation automatically refers to its section, 
the section indication being repeated at the top of each page. Mathe- 
matical treatment has been cut down to a minimum, reasoning being in 
many cases substituted for elaborate formulas. The author has had in 
mind the production of a readable book of wide appeal, and the text has 
been prepared accordingly. Readers seeking more elaborate informa- 
tion on any detail are referred to the list of references given at the end of 
each section and corresponding to a bibliography of over 300 items 
dated between 1920 and 1940, preference being given to recent publica- 
tions. With the aid of these references, the reader interested in any 
particular point will have little difficulty in pursuing his problem as far 
as seems necessary to his purposes. 

It is a pleasure to extend my sincere thanks to colleagues and co- 
workers for assistance and discussion in the course of the work involved. 

M. J. 0. Strutt 

Eindhoven 
April, 1947 
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CHAPTER I 


WAVES AND SIGNALS 

The power captured by a receiver is carried by electromagnetic waves. 
These waves issue from a transmitter. On their path between trans- 
mitter and receiver they are subject to the processes of reflection and 
absorption, of propagation through different media, and to disturbances. 
A brief discussion of these processes, as far as they affect reception, will 
be given. The transmission of waves is for the purpose of conveying 
signals. Hence the different ways of implanting or modulating signals 
on waves will be discussed. 


I.l Waves 

1.1.1. Spherical and plane wave trains. The waves in question are, 
for our purposes, either approximately spherical or plane. We shall 
start by a discussion of their main properties. 

1.1.11. Field strengths and specific power. A transmitting antenna 
is supposed to be surrounded by a spherical surface of large radius com- 
pared to the antenna dimensions and to the wavelength of the waves 
issuing from the antenna. (The exact meaning of the term “wave- 
length^' will be discussed later.) If the first condition is satisfied the 
entire antenna system may be supposed approximately to coincide with 
the center of the sphere. In any point of the spherical surface, the 
electric as well as the magnetic field strength is very nearly directed in 
the local tangential plane. Furthermore, the directions of both field 
strengths are very nearly mutually perpendicular. These simple rules 
are satisfied to a closer approximation if the sphere's radius is increased. 
The ensuing waves are indicated as “spherical waves." At a sufficiently 
great distance the waves issuing from any source may be regarded as 
being very nearly spherical. 

Considering a small portion of the spherical surface, very little dif- 
ference from a plane surface will be detected. Thus these spherical 
waves corresponding to such a small portion of the total surface very 
nearly coincide with plane waves. The electric- and magnetic-field 

1 
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strengths at different points are approximately directed in parallel 
planes, corresponding field strengths being of parallel directions. 

The electric-field strength E is expressed in volts/cm and the magnetic 
field strength H in amperes/cm. A definite relationship exists between 
both field strengths at the same point at any time: 

E 

- = 1207r = 377 ohms. (LI. 11a) 

ri 

The specific power carried by a plane wave per cm^ of its surface is 
denoted by p and ex])ressed in watts/cm^. It is related to E and H by 
the equation: 

p = EH. (1.1.116) 

The bold-face type for these three quantities indicates their vector 
})roperty, having a definite direction in space at any time. If their 
vector property does not matter, ordinary type is used for the same 
symbols. The direction of p is such that the i)ositive directions of E, 
H, and p coincide resf)ectively with thumb, first, and se(*ond finger of 
our right hand, pointing perf)endicularly to each other. The direction 
of p indicates the direction in which the power is propagated. By Eqs. 
(a) and (6) we have for the amounts of p, E, and H the relationship: 

P = (I. 1.11c) 

izOtt 

By these relations the field strengths resulting from a transmitter 
radiating uniformly in all directions may easily be evaluated. The 
above specific power at a point distant r from the transmitter radiating 
a power P watts is : 

P 

while E and H result from Eq. (c). For example, a transmitter of 200 
kilowatts would cause an electric-field strength of about 120 /x volts/cm 
at 200 km distance and of about 5 /x volts/cm at 5000 km distance. 

1.1.12. Polarization. The simplest waves are “singly periodic,’^ 
meaning that both field strengths at any point of space are sine or 
cosine functions of time /, e.g., cos wt. Here w is indicated as “angular 
frequency” and w = 27r/, / being the frequency expressed in cycles/sec. 
In a singly periodic wave of linear polarization both field strengths are at 
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any^point of space and at any instant parallel to a fixed direction, these 
directions for E and H being mutually perpendicular according to the 
preceding section. The direction of E coincides with what is called the 
direction of polarization. Both field strengths reach their maximum 
values at the same instant at any fixed point of space. No phase delay 
exists between them in free space or indeed in any medium free of 
absorption. As p is proportional to 1/r^, both E and 11 are proportional 
to 1 /r, and we may write : 

A B 

E = ~ cos {oot — kr)j H — cos {u)l — fcr), (1. 1.12a) 

kr kr 

these relations being valid at a large distance from the transmitter, such 
that fcr ^ 1. Here k = 27r/X and X is the wavelength of the waves 
in question. If r is increased by X the expri^ssions (a) retain approxi- 
mately their original values as kr^ 1. Instead of Eqs. (a) we shall 

use the often equivalent (complex notation: 

E = ^ exp (jo3t - jkr), H = ~ exp {jo)t - jkr) (1.1.126) 
/cr Kr 

where exp (jx) = cos a: + j sin :r and j — +V— 1. The real part of 
any resulting complete complex expressions resulting from our calcula- 
tions w'ill be used as a result. Thus Eqs. (a) are the real parts of Eqs. 
(6). These Eqs. (a) and (6) arc the expressions of spheiical singly 
periodic waves of linear polarization. 

By the superposition of two linearly polarized waves of different direc- 
tions of polarization and of equal single frequeiKues we obtain waves of 
a different kind. The simplest examj)le is afforded by two waves of 
mutually perpendicular linear polarizations and a mutual phase differ- 
ence of one quarter period, corresponding to a phase angle of t/2. It 
is well known that the resulting polarization of the composite wave 
rotates uniformly, one rotation coinciding with one period 27r w of the 
waves. If the mutual phase angle has a value not coinciding with a 
multiple of 7r/2, the resulting composite waves have also a rotating 
polarization, one rotation again coimdding with one period of the waves, 
but this time not occurring at uniform speed. In the first case the 
composite wave is indicated as circularly polarized, in the second case 
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as elliptically polarized. At circular polarization the magnitude of i 
field strengths remains unaltered during rotation. Hence the con 
spending vectors describe circles in space. At elliptical polarizatior 
their magnitude during rotation corresponds to the length of a rotating 
diameter in an ellipse. I 

A plane polarized wave is pictured in Figure 1. By the compositioi^ 
of several singly periodic waves of linear polarization and of different 
frequencies more intricate wave patterns may be obtained. Generally/ 
however, their properties may be conveniently discussed by considering^ 
the simple component waves. 

£ 

H 


Fig. 1 Plane electromagnetic singly 
periodic wave of linear polarization, 
showing mutually perpendicular di- 
rections of electric-field strength E and 
of magnetic-field strength both 
being perpendicular to direction of 
propagation (downward), 

1.1.2. Reflection and absorption. In section 1.1.1, waves in a space 
free of obstacles causing reflection and absorption were discussed. We 
shall now consider the effects of these processes on the waves in question. 

1.1.21. Reflection of plane waves at a plane surface. A singly periodic 
plane wave train of linear polarization is supposed to be incident upon a 
plane boundary between two media of different properties (Fig. 2). 
The properties of a homogeneous medium relative to the propagation of 
electromagnetic waves depend on three quantities: frequency/, specific 
conductivity a, and specific dielectric capacity c, both at the frequency 




Fig. 2 Incidence of })lc\ne wave of 
linear polarization upon the plane 
boundary between two different media 
I and II, the angle of incidence being *9 
and that of refraction t?x. 
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in question. These quantities are active in the combination: 

IQ V 

^2 _ j c = c(j tan d — 1), (1. 1.21a) 

The specific conducftivity a is expressed in mhos/cm. In a magnetic 
medium the value of is obtained by multiplication of the right-hand 
member of Eq. (a) by /x, this being the specific magnetic penneability. 
In most media occurring in this book we have /x = 1. The quantity 5 
is indicated as “loss angle. Approximate values of e, cr, and tan 5 at 
different frequencies, expressed in megacycles /sec = mc/s and corre- 
sponding to different media, are shown in a table, assuming that the 
indicated values of a and e are independent of frequency. 


MEDIUM 

e 

<T 

TAN 6 AT 
10 MC/S 

AT 100 

MC /S 

AT 1000 

MC /S 

AT lo.oqp 

MC /S 

Sea water , , 

80 

10-^ 

22 

2.2 

0 22 

0.022 

Fresh water 

80 

10-5 

0 022 

0.0022 

0 00022 

0.000022 

Wet soil . . 

10 

5 X 

0 90 

0 090 

0 0090 

0.00090 

Dry soil . . . 

5 

10“® 

0.036 

0 0036 

0.00036 

0.000036 

Vacuum . . . 

1 

0 

0 

0 

0 

0 


The dependence of cr, €, and tan h on frequency was investigated for 
different types of soil between 500 cyclcs/s and about 600 mc/s. Some 
hitherto unpublished results are shown in Figures 3 and 4. The values 
of O' and € corresponding to meadow soil of considerable moisture (pre- 
sumably between 10 and 15% of its specific weight being due to water) 
were found to be approximately constant at frequencies between 500 
and 2 X 10^ cycles/s (reference 839). It is possible that dry soil 
has a higher conductivity than wet soil at ultra-high frequencies but 
a lower conductivity at radio frequencies. For sea water a was found 
to be constant between 500 and 10® c/s. Reflection takes place in 
such manner that the specific power of the reflected wave is propagated 
at an angle with the reflecting plane equal to that of the incident wave 
(see the angle -9 in Figure 2). We assume that of Eq. (a) has the 
value rii in the medium I (Fig. 2) and the value n\ in the medium II. 
The ratio nl/n\ is denoted by riQ. Two different cases will be dealt 
with: (a) the magnetic-field strength of the incident (and hence of the 
reflected) wave is parallel to the reflecting plane; (b) the electric-field 
strength of the incident and the reflected waves is parallel to the said 
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Fig 3 Electric propc rties of g irden 
soil between 50 a,nd bOO iru/s Upper 
part of figure duhctru eo( flic lent c 
as dependent on fii quern y Bdow 
this sp( cific conductivity a (nihos/cin) 
as dependent on frequency Lower 
part t ill 6 (loss angle) as dependent on 
frequemy Curves marked I diy 
soil, marked II 5% moisture in irked 
III 12% moisture 


Fig 4 \s 1 ig ^ but relited to pure 
sand Curves marked I dry sand, 
m irked 11 2 50% moisture, maiked 

III 5 0% moisture (water) aelded in 
weight to the sand 

Curves m irked I of o- correspond to 
right-hand scale in both Fig 4 and 
l^ig 3 


plane In case (a) the ratio of the complex electric- and magnetic- 
field strengths in the leflected and incident waves is Fa In case (6) 
the ratio of the similarly complex field strengths in the reflected and 
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incident waves is Then : 


Fa^ 

Ft = 


nl cos — 1 + cos^ t? 

ni cos ^ + Vn^ — 1 + cos^ d 

cos — V — 1 + cos^ t? 
cos + Vn^ — 1 + cos^ T? 


( 1 . 1 . 216 ) 


(L1.21C) 


In case (a) the electric field strength component parallel to the re- 
flecting plane is reversed in sign at reflection and in case (6) this applies 
to the magnetic field strength component parallel to the plane of re- 
flection. 

Obviously these ratios or ^^coefficients of reflection’^ are in general 
complex quantities having a modulus and a phase angle: Fa = 
exp i^nd Ft = |/^ 5 | exp vertical dashes denoting the modulus 

or absolute value of the ejuantity placed between them. In terms of 
E(|s, (1.1.126) the meaning of these coefficients is as follows: 


Incident waves: 

\E\ exp (>/ - jkr), \H\ exp (jW - ./At), 

Reflected waves: 

\EFa\ exp (jo^i -f j\ka - jkr), \HFa\ exp (jeot + - jkr), 


> (L1.21d) 


or 


\EFi,\ exp (jojf + jypi, - jkr), \HFi,\ exp (jW + jy^t - jkr).] 


Some actual values of Fa a-nd Fi, are shown in Figures 5, 6, and 7. If 
?C) i« complex, no zero occurs in the reflection coefficients, as is evident 
from Figure 7a. 

A particularly siini)le case of reflection occurs at perpendicular inci- 
dence, the angle d of E^igure 2 being zero. Then : 


Fa = 


Uo + 1 


and Fb 


^ 0+1 


(L1.21c) 


In this case and in subsequent applications the value of tIq instead of nl 
occurs. We obtain from Eq. (1. 1.21a): 


n = Ur + jrii = zt ^\t\ V— 1 + j tan 8. 


( 1 . 1 . 21 /) 
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The question as to which sign of the root ought to be chosen may be 
decided by the rule that Ur and Ui should be of negative sign. The reason 
for this will be apparent in section 1.1.23. The calculation of rir and ni 
is simplified by Figure 8. 

.References: 42 , 80, 97, 114, ^^0, 237, 327, 338, 339, 



Fig. 6 Coefficient of reflection Ft as dependent on the angle of incidence ^ corre- 
sponding to different values of the index of refraction rio- 


1,1.22. Directive patterns and wave-band distortions caused by plane 
reflection. Reflections at a plane boundary surface are of frequent 
occurrence in reception practice, the surface in question being the earth, 
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a lake, or the sea. We shall therefore examine some simple conse- 
quences of such reflections connected with reception antennas. A 
receptive antenna is situated at A (P'ig. 9). Two separate parts of the 
incident plane wave reach A : one, indicated by Wi in Figure 9, directly, 
and a second part, indicated by W 2 , indirectly via reflection at B. 
Assuming the coefficient of reflection at ^ to be F (which might be 
either Fa or or a combination of both), its phase angle being rp: 



F = |F| exp {jyp), we may easily evaluate the resulting field strength 
at A. The wave W 2 has a path which is longer by the lengths AB + BC 
in Figure 9 than the path of TFi. Indicating the height of the antenna 
above the earth by h (Fig. 9), we have obviously: AB + BC = A'BC, 
a' being the image of A with respect to the surface T. As A'BC = 
2/1 cos t?, the wave 1^2 is retarded by an angle ip = (27r2/i cos t?)/X with 
respect to W\ because of the difference in path, X being the wavelength 
in the upper medium. Hence the resulting field strength at A due to TFi 
and W 2 is: 

|e 1 {exp ijuit) + 1f| exp {joit — (p + ^P)], (I.1.22a) 

E being the field strength of the unobstructed incident wave near A, 
Reverting Eq. (a) to real parts and omitting the factor cos cu^, we 
obtain a resulting field strength squared of : 

\E\^{l + 2\F\ cos(v»-f)+lFh. 


( 1 . 1 . 226 ) 
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Fig. 7 DifTerent representation of Fh as dependent on the angle of incidence t9. 
Modulus IF^I and phase angle ^ of reflection. Diagram a corresponds to € = 6 and 

~ 1200* ^ being expressed in mhos/cm and the wavelength X (measured in air) 


in m. Diagram h corresponds to £ = 4 and a = 0. 
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Fia. 8 Evaluation of Uq from complex values of nj = e (— 1 -1- j tan 5). Curves I 

and II represent the quantities ^ and ^ of eq. (1.1.21/) respectively, as de- 

V c VC 

pendent on tan 5 (horizontal scale). If tan 6 > 1, the curves III and IV must be 

u.sed, representing - ■ and . — * of eq. (1. 1.21/) respectively, while the 

V c tan 5 V c tan 5 

horizontal scale in this case represents — ^ — • 

tan 5 



Fig. 0 Incidence of a plane wave on a reception antenna at A oriented horizontally 
with respect to the earth’s surface T at a height h. The antenna receives the wave 
train Wi directly and W 2 upon reflection at the earth’s surface. 
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Several special cases of Eq. (b) are shown in Figure 10. Obviously 
directive patterns are created by reflection, their shape depending 
on the height h of the antenna, on its character (receiving electric- or 
magnetic-field strength of different orientation, or both), and on the 



Fig. 10 Ratio of modulus of resulting field strength at antenna A of Fig. 0 to 
modulus of field strength of incident plane waves as dependent on angle t? of incidence 
of Fig. 9. Diagram a: Perfect reflection (Ft — —1), h being one-quarter wave- 
length X. Diagram b: Perfect reflection, h being one-half wavelength. Diagram c: 
Index of refraction n^, = 2, /i being X/4. Diagram d: Index of refraction Uq = 2, 

h being X/2. 

nature of the reflecting medium below the boundary surface. In the 
above equations, E may be replaced by Hy and F may be either Fa or 
Fb> Another example is shown in Figure 1 1 at perpendicular incidence 
(z? = 0). A special case of practical interest is connected with a large 
value of tan d compared to unity in Eq. (1. 1.21a). In this case Fa = 
+ 1 and Fi = — 1 at ])ractically all angles of incidence. These reflection 
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coefficients result in simple effects on reception antennas of particular 
type. 

First, consider an antenna consisting of a straight wire of vertical 
orientation with respect to the horizontal reflecting surface. Such an 
antenna captures only wave components, the electrical-field strength 
of which is of vertical direction or, as may be said with equal validity, 
the magnetic-field strength of which is parallel to the plane of reflection. 



Fia. 11 Similar ratio as in Fig. 10 but at vertical incidence, the angle of Fig. 9 
being zero. Horizontal scale: ratio of twice the height h of Fig. 9 to wavelength X. 

Coefficient of reflection F = —0.5. 

Hence this case is connected with Fa— +1. The result is that the 
reflecting surface has exactly the same influence on the antenna’s 
action as the addition of a second image antenna below the reflecting 
surface of equal orientation as the original antenna (i.e., currents of 
equal amount flowing simultaneously in equal directions in both an- 
tennas). This is pictured in Figure 12a for a so-called half-wave 
antenna. 

Secondly, we apply a similar argument to a wire antenna extending 
parallel to the surface of reflection. In this case only wave components 
of polarization parallel to that surface are received by the antenna. 
Hence this ca^se is connected with = —1. Again the action of the 
reflecting plane may be ascribed to an image antenna situated below 
it but now, owing to the negative sign of F^,, the image has an orientation 
opposite to that of the original antenna. In other words: the currents 
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in the image antenna are simultaneously of equal amount and of oppo- 
site direction with respect to those in the original antenna. This is illus- 
trated in Figure 126 for a horizontal half-wave antenna. 

The distortion of wave-band response in receiving antennas due to 
reflection may be illustrated by Figure 11. Assuming the band trans- 
mitted extending from \) to 1.25Xo and supposing 2/i/Xo = 5 while 
the transmitted field strengths are uniform over the band, the resulting 
field strengths at the re(!eiving antenna are shown by the portion of 



Fio. 12 Images equivalent to effect of perfectly reflecting plane. Diagram a: 
Wire antenna of vertical orientation and of approximately one-half wavelength. 

Diagram h: Similar wire antenna of horizontal orientation. 

Figure 11 between 2/i/X = 4 and 5. With television we might have 
Xo corresponding to 50 mc/s and the band extending to 40 mc/s. Re- 
flections of this tyi)e might occur at skys(*rapcrs or other buildings in 
city areas. 

Another effect of reflections with television may be caused by the 
time lapse between the arrival of direct and reflected waves at the 
receiving antenna. If the total path difference is 2h, the time lapse is 
to = 26/X/. Hence, at 2h/\ = 10 and / = 40 mc/s we would obtain 
to = 2.5 X 10“^ secs. Owing to the high speed of the electronic pincer 
in the cathode-ray projector, time lapses of this order of magnitude 
result in visible distortion of the projected television image. Spurious 
images, called ^^ghosts,'' or blurring effects may arise. 

The effect of reflection on the impedance of re(^cption antennas will 
be discussed in section III. 


References: 73, 93, 338, 



ABSORPTION AND REFRACTION 


15 


1.1.23. Absorption and refraction. Thus far we have considered 
wave propagation only in nonabsorptive media. These have the 
common property that the corresponding value of n in Eq. (1. 1.21 a) 
is purely imaginary, as a- = 0 = tan 5. In such media the value of 
k in Eqs. (1. 1.12a) and (5) is given by: 


k = 


27r 

T 


M I 

3 X 10'“ 


2wf 

3 X 10'“ 


Vl,|. 


(1.1.23//) 


Hen(‘c k is purely real. But if a is not zero, we obtain: 

7 ^tt/ I I .| I . 27r/ I I 

k = ~ J ~ 7 TTi = ko — 7a. 

(1.1.235) 

The propagation may in this ca^se also be descTibed by Eqs. (1.1.126). 
Due to the complex value of /c, an additional exponential decrease of 
field strength occurs: 

A 

- exp {ioit — jkoT — ar) (1. 1.23c) 

koT 

and a similar equation holds for //. This phenomenon is indicated 
as absorption, llie result of this absorption may perhaps be judged 
best by considering the si)ecific average propagated ])ower, being the 
real ]3art of E//*, the asterisk indicating the conjugate complex value 
of II , We obtain from the above Piq, (c): 

p = 7-7-^ exp ( — 2ar) (LI. 23d) 

kir 

Disregarding the multiplier A'^/klr^, due to the spherical character 
of the wave in question, the power absorbed or dissipated in a stratum 
of unit length is the incident power multiplied by 1-exp ( — 2a). 
The values of 2a or of a are often indicated as coefficients of absorption. 
These co(‘fficients have been expressed in a number of different ways 
in existing literature. The units for 2a have been: decibel/cm, db/km, 
db/inile, db/100 feet, and the units for a have been Neper/cm and 
Nepcr/km. If the specific power drops by 10 db which is by a factor 
10 along one unit of length (cm, km, mile, etc.) the coefficient 2a is 
said to be 10 db/cm or 10 db/km, etc. If the square root of the 
specific power is multiplied by 1/2.718 after one unit of length, the 
coefficient a is said to be 1 Neper/cm or 1 Neper/km. The inter- 
relation of these units may be seen from the following table. 
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This table should be used vertically. Thus an absorption corresponding 
to 1 db/cm corresponds to 10^ db/km or 1.61 X 10® db/mile or 3048 
db/100 ft or 0.115 Neper/cm or 0.115 X 10® Neper/km, etc. 

At the incidence of a wave on a boundary surface, part of its specific 
power is transmitted into the medium below that surface. If rio = 
1 x 2 / ni is real, the angle of Figure 2 is given by the relation; 


sin ?? 712 

sin rii 


(I.1.23e) 


Thus the angle of refraction is fixed by the angle of incidence in this 
case. The refracted waves are propagated following the direction 
of But if Uo is complex, no real angle results from Eq. (e) and 
hence no definite direction may be indicated for the refracted waves. 
If the specific power of the incident wave is unity, the specific power 
of the reflected wave is \Fa\^ or in the two cases discussed in 

section 1.1.21. The difference between the values for the incident and 
reflected waves is obviously the power imparted to the refracted waves. 
Hence this is 1 — \Fa[^ and 1 — in these two cases. If — 1 + 
cos^ is real and negative in Eqs. (1.1.216) and (c) |Fa| = 1 = 
and hence no refracted power here exists corresponding to what is 
called ^Total reflection.^' The border case occurs at cos^ ?? = 1 — n^. 
Obviously nl is to be real and smaller than unity in such cases of total 
reflection (see section 1.1.32). 

Absorption occurs also in walls or strata bounded by parallel planes. 
Considering such a stratum of thickness D and an absorption correspond- 
ing to different values of the loss angle 5, the value of e being 4, we 
obtain the curves of Figure 13a. Here X denotes the wavelength coi- 
responding to Eq. (1.1.236) of the loss-free medium bordering on both 
sides of the stratum. Even if 5 = 0, a loss of transmitted power may 
occur due to pure reflection. This loss is increased by absorption in 
the stratum. 

By the combined effects of reflection and absorption queer inter- 
ference patterns may be created by plane incident waves, as shown 
in Figure 13b. The occurrence of such patterns should be borne in 
mind when considering indoor television reception antennas. They 
may seriously affect the wave-band response. 


References: 42 , 80, 97, 117, 165, 253, 268, 297, 339. 
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Fig. 13a Passage of plane wave train through a plane wall of thickness D perpen- 
dicular to the direction of propagation. Ratio of modulus of electric-field strength 
behind th(' wall at its surface to that of incident waves as dependent on ratio (d D 
to wavelength X (measured in air). Curves corresponding to dilTercnt values of loss 


EQI 


Fi(i. 13b Wave pattern inside a room as caused by reflection and refraction. Arrow 
indicates direction to transmitter. Wavelength in air 6 m. Figures indicate rel- 
ative field strengths. Over-all largest width is about 40 ft. 
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1.1.24. Reflection by finite obstacles. The development of radar 
has given prominence to these cases of reflection. We shall assume 
that the transmitter is situated at such a distance from the reflecting 
obstacle that the waves impinging upon the latter are effectively spherical 
as described in se(*tion 1.1.11. These impinging waves set up alter- 
nating electric charges and currents inside the obstacle if it is non- or 
badly conducting, and upon its surface if it is highly conducting (metal- 
lic). These currents make the obstacle itself act as a transmitter. 
Due to our assumptions, the waves thus emitted by the obstacle are 
effectively spherical when they arrive in the vicinity of the original 
transmitter. We may compare the effective power of the original 
transmitter radiating toward the obstacle with the effective power 
of the obstacle itself acting as a transmitter radiating toward the 
original transmitter. 

A simple application of this reasoning will now be given. Consider 
a small wire transmitting antenna parallel to a plane metal wall at a 
distance r from it, large compared to the antenna dimensions and to 
the wavelength. The effect of the wall on the antenna (by Fig. 12^) 
may be completely described by an image antenna at a distance r behind 
the plane metal surface and oscillating count erphase to the original 
antenna. The power radiated by both antennas is obviously equal. 
This may be expn'ssed a little differently by saying that the field strength 
creat('d by the transmitter at a distance 2r (being the path to the 
obstacle and back again to the transmitter) is exactly the same in 
amount as that created by the image transmitter at the site of the 
original transniitler. Tliis is obviously the situation with which we 
are faced in radar ai^plications, as the })ositions of receiver and trans- 
mitter practically coincide. The ratio of effective transmitted to 
reflected pov\(T thus obtained might be termed the radar coefficient 
of^he obstacle, its value for the alcove metal plane being unity. A radar 
coefficient unity causes the same field slrength in amount at the trans- 
mitter site by reflection as is obtained at a distance twice that of the 
obstacle by unobstructcnl radiation in the direction under consideration. 

If the linear dimensions of the obstacle are large compared to the 
effective wavelength in the adjacent medium, its reflective action at 
a distance r from the transmitter, large compared to the said dimensions, 
may conveniently be treated optically. Assuming the transmitter 
to be of a total power P radiating uniformly in all directions, the power 
intercepted by the obstacle is P' = SP/^irr^j S being its intercepting 
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surface as seen from the transmitter. A part of this power P' may 
again be assumed to radiate uniformly in all directions, and hence the 
specific power at the transmitter site due to P' is: 

p2pr p p2g p2g 

= P 7—2' (L1.24a) 


p' = 


47rr^ 47r9^ 47rr^ 


47rr2' 


being the modulus squared of the surface’s average coefficient of 
reflection and p the specific radiation power, due to the transmitter 
at the site of the obstacle. The radar coefficient 0 of the obstacle is, 
byEq. (a): 

p2 a 

0 = (1.1.246) 


Some examples may illustrate this. A circular disk of radius a has 
S = and hence 0 = F‘^a‘^lr^, A spherical obstacle of radius a 
has the same radar coefficient. These values are all small compared 
to unity, even if = 1 as for most metallic surfaces. 

It is interesting to compare P"q. (6) with some values obtained by 
exact calculation of diffraction at a metallic spherical surface of radius a. 
The values of r^Ojci? which should be unity by Eq. (6) at values of ha 
large compared to unity arc found to be (reference 2S7 ) : 


ko, 

1 

2 

0 

10 

oo 

Or2 

a2 

3.G3 

1 

0.85 

0.93 

1 


Hence the radar coefficient of small metallic spheres compared to the 
wavelength is much larger in proportion to their effective interccptive 
surface than the coefficient of larger spheres. Similar relationships 
may be expected with obstacles of different shapes. 

References: 69, 98, 169, 267, 287, 338, 3Ifi, 

1.1.3. Propagation. In this section some essential data on wave 
propagation between distant points of the earth’s surface are presented. 
They are vital to an understanding of the different types of waves 
occurring at a reception antenna. 

1.1.31. Layers of the ionosphere. The gas density of the earth’s 
atmosphere decreases slowly from the surface upward. Part of the 
sun’s radiation is absorbed by this gaseous atmosphere. Hence its 
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specific intensity is much larger at high altitudes than at the earth^s 
surface. This radiation on the gas molecules causes ionization. Thus 
ultraviolet rays cause ionization of oxygen and of nitrogen molecules. 
At high altitudes the number of ions thus created per unit of volume 
is small because of the low gas density. At low altitudes it is small 
because of lack of ionizing rays due to absorption in the higher layers. 
Thus an altitude may be ascribed to each kind of rays in conjunction 
with specified constituents of the atmosphere for which an optimal 
number of ions of the kind under consideration is created. ThLs altitude 
is of course liable to changes due to variations of radiation (e.g., between 
day and night) and of gaseous constitution. Of the great number of 
existing ionized layers of the ionosphere we shall quote here only a 
few together with their respective average daytime altitudes: D-layer 
at 50 km, E-layer at 120 km, Fj-layer at 200 km, F 2 -layer at 300 km, 
etc. The properties of these different layers relative to wave propagation 
may be described by their effective value of (see Eq. L1.21a): 

2 

= -1 + ^> Jo = SGttIO" Neeeo = 3.2 iVelO®, (I.l.Slo) 

0 ) 

Ne denoting the number of electrons per unit of volume (cm^), e the 
electric charge of an electron (1.60 X 10“^^ coulomb) and Co the ratio 
of charge to mass of an electron multiplied by 10^, its value being 
17.6 X 10^^ (cm^/sec^ volt). Though the layers, according to the 
above description of their origin, cannot possess abrupt boundaries 
and though will in general show appreciable variations within each 
layer, their behavior will be idealized by layers of uniform composition 
with sharp and locally plane boundaries. Assuming waves oiiginating 
from the earth ^s surface or its nearer vicinity to be incident on such 
a boundary, the reflective properties wDl correspond to Eqs. (1.1.216) 
to (d). The value of nl occurring in these reflection coefficients is 
the ratio of for the atmosphere below the layer and of according 
to the above Eq. (a). The former being substantially —1 for non- 
ionized parts of the atmosphere, we obtain: 

2 

n® = 1 - ^ • (1.1.316) 

0 ) 

The simplest reflection occurs for waves of vertical incidence according 
to Eqs. (I.1.21e). Here obviously the moduli \Fa\ and |Ffe| become 
unity if either = 0 or nf negative. In all these cases what is 
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called total reflection occurs, the border case (‘orresponding to co = coo. 
This value is usually indicated as the critical angular frequency of 
the layer in question. It may be found experimentally by increasing 
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Fig. 14 Diagram a: Virtual altitude of F2, Fi and E layer‘' at Washington, D.C., 
on undisturbed days (average) Oct. 1989. Diagram h: Average critical frequencies 
for the three layers of diagram a. Diagram c: Relation of average critical frequencies 
of F2-layer to number of sunspots (ri'fenmce 26 ) 

the angular frequency co of the vertically incident waves until total re- 
flection from the layer under consideration ceases, when the equation 
(o) = o)o) obtains. The time lapse necessary for the waves to travel 
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upward and for the rcfieeted waves to come down to the earth again 
may serve as a measure for the effective layer’s altitude if simplifying 
assumptions are introduced as to the reflection and propagation proc- 
esses. Examples of layer altitudes and critical frequencies fo = coo/ 27 r 
measured in this way are shown in Figure 14. Variations of these 
values in the course of a day are evident from this Figure 14. In 



summer the altitudes are mostly higher and the critical frequencies 
ar(‘ oft('n somewhat lower than in winter for the IVlayer. For the 
E-layer critical IreqiU'ncies are usually higher in summer than in wdnter 
and altitude's are about ecpial under com})arable conditions. Also 
11-year variations (*ori’esj)onding to sunspot periods have been noticed. 

Kefehencks: .n, JO, S7, 107, 124, S22, 3S4. 

1.1.32. Long-distance propagation. The ionospheric layers play a 
large part in long-distance propagation of short waves of frequencies 
mainly below 30 mc/s. Such waves are projected upward by the 
transmitting antennas, horizontal radiation being made relatively 
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negligible by the wave absorption of the earth surface. These waves 
are then reflected by one or more of the ionospheric layers and the 
reflected waves are projected downward again. After a second reflec- 
tion at the earth’s surface they go upward again, and so on, until they 
arrive at the vicinity of the reception antenna. These reflections at 
the ionospheric layers may be dealt with approximately using the 
simplifying assumptions mentioned in the preceding section. The 
layers associated with effective reflections are mostly to have critical 
frequencies such that nl of Eq. (1.1.316) is zero or negative. In these 
cases both reflection coefficients Fa and F5 of Eqs. (1.1.216) and (c) 
are of modulus unity at all incident angles d. Positive values of 

may also correspond to values of 
Fa and Fb of modulus unity if 
— 1 + cos^t? is negative, i.e., 
if 1 — nl is larger than c.os" 

In these cases if ?? increases from 
zero upward, the moduli of the 
reflection coefficients increase 
steadily until they become unity 
from a definite angle do onward 
till d = 7r/2. Waves })rojected 
upward at angles d nearer zero 
than this critical angle do are less 
effectively reflected. This affords 
an explanation of the well known phenomenon calletl '‘skip distance,” 
near-by short-wave stations sometimes being received much less effec- 
tively than more distant ones (Fig. 15). In general, propagation 
between two distant points of the earth’s surface takes place along a 
path, the projection of which on the said surface is a great circle. Devi- 
ations from this rule are mostly negligible at distances beyond 1000 km. 
If the latitude and longitude of transmitter and receiver are given, this 
rule fixes a definite point of the compass at the receiver, from which 
the waves arrive. In order to calculate this compass direction, we 
first determine the latitudes k and Ir of transmitter and receiver both 
reckoned from the North Pole. Thus if the given latitude of a station 
is 50° north, It is 40°, and if the receiver is at 50° south Ir is 140°. Then 
take the difference jd of both longitudes, jd being less than 180°. De- 
noting the included angle between the compass direction at the receiver 
site pointing toward the transmitter and the northern direction by 


Ionosphere 





Fkj. 15 Because the angle of incidence 
t ?2 of waves issuing from a transmitter at I 
and traveling to II is smaller than the 
critical angle ^oi the signals received at II 
are far weaker than at III, corresjwnding 
to an angle of incidence larger tlian the 
critical angle 



WORLD MAPS OF AVERAGE PROPAGATION CONDITIONS 25 


aoy we obtain by spherical trigonometry: 

sinZ<sin7d , 7 , • i . . 

sin ao == : > cos a = cos Ir cos U + sin Ir sin h cos yd 

sin a 

(LI 32a) 

As an example, take a receiver near San Francisco and a transmitter 
near London. Then k — 52°, U = 39°, yd = i22°, and ao = 33°. 

References: 61, 107, 108, 125, 282. 

1.1.33. World maps of average propagation conditions. A second 
point in long-distance reception is related to the wavelengths which 
may be expected to be useful along a definite path. On the average 
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l()a Moroator world map picturing the state of tlie ionospheric Fo-layer ap- 
pro\Knat(‘ly for the years 194r)-47 in winter as well as in summer. The full curves 
coi respond to definite values of critical frequency fo indicated at each curve. The 
dotted curves correspond to values of definite L^-layer iomc densities, causing at- 
tenuation of the propagated waves. 


the state of the ionosphere is determined by the sun^s relative position. 
In long-distance traasmission the F-layers are most effective because 
of their considerable altitude. Two figures (Figs. IGa and 16b) show 
the average structure of this F-layer as mapped above the earth^s 
surface using Mercator's projection, Figure IGa in winter and summer 
(December and June) and Figure 16b in autumn and spring (September 
and March). The figures attached to the full contours are critical 
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frequencies /o and thus are immediately related to the local ionic density 
(Eq. 1. 1.31 a). At a time t, fixed according to Greenwich mean time, 
the Greenwich meridian must coincide with the vertical line in the 
diagram corresponding to the time t on the upper scale. Obviously 
the entire earth's surface is then fixed relative to the ionic map. Now 
we have to draw a curve on this map corresponding to a great circle 
interlinking transmitter and receiver. This curve will intersect a 


SPRING AND AUTUMN 



Fig. Ifib Similar map as in Fig. Kia but corresponding to autumn and sj)rin^, the 
year being approximately 1940-47. The use of these maps is indicated m the text. 

number of contours of the ionic map. The lowest frecpiency corre- 
sponding to one of these interseiTing contours is the effective critical 
frequency for the transmission in question and the useful frequemdes 
are below this effective critical frequency. As an exampk', consider 
a transmission from Rugby (England) to Gape Town at lOOO hours 
G.M.T. Using Figure IGa, the effective critical freipiency is about 
23 mc/sec. JTence 18.5 mc/s would seem to be a useful freipiency for 
this transmission at this instant, and so it is. In general, if it is night 
along the path of transmission, the useful frequencies are lower than 
if it is day. Thus between New York and Amsterdam a useful daytime 
frequency is 16 mc/s, while at night 10 mc/s is often more suitable. 
Also during winter the useful freciuencies are mostly higher than in 
summer. Some idea of the electric-field strengths generated at distant 
points by a transmitter radiating 1 kilowatt using a vertical half-wave 
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antenna may be obtained from Figure 17. The transmitter is situated 
at 50° north latitude and transmission takes place at 1200 hours local 
time at the transmitter in spring or autumn, the year being about 1941 
(similar with respect to sunspots to 1952). The contours represent 
curves of equal field strength and the attached figures indicate db 
above (+) or below (— ) 1/x V/m. In the shaded areas reception is 
impossible. The almost circular shaded area round the transmitter 
indicates the distance. The vertical dotted lines marked R and 

/S coincide with sunrise and suaset. 



17 Morcjitor world map, the transmitter being situated in the center of the 
shaded inner closed contour at 12 h. local time ('ontours correspond to electric- 
field strengtlis as indicated in db above ( + ) or below (— ) one microvolt /meter, 
ddie transmitter is supposed to radiate I k\v lining a vertical half-wave antenna. 
In the shaded areas reception is practically impossible. 


The field strengths at reception are to be multiplied by the square 
root of the radiated j)()wer and of the gain (see subsection III. 1.12) of 
the transmitting aerial over a half-wave antenna in the direction of 
propagation, if a power and an antenna differing from the above data 
of Figui’e 17 are used. 

The Central Radio Propagation Laboratories of the National Bureau 
of Standards, Washington, D.C. issues monthly ^‘Basic Radio Propaga- 
tion Predictions,” three months in advance, giving the optimum work- 
ing frequencies for short wave communication. These ^Tredictions” 
are in essence similar to the maps of Figures 16a and 16b, together with 
a suitable transparent sheet on which the Mercator world map contours 
of the continents and islands arc drawn. With the aid of such data an 
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advance determination of suitable transmission freciuencies is possible 
for practically all paths. 

In long-distance transmission single hop or multiple hop wave propa- 
gation may occur, corresponding to single or to several consecutive 
reflections at the ionosphere and at the earth’s surfa(‘e. Single hop 
transmission does not occur for distances beyond about 2200 miles 
(3500 km) via F-layer reflections and multiple hops occur often even 
at smaller distances. The maximum useful frequency (muf) of trans- 
mission is higher than the critical frequency fo and is given by the 
equation : 

muf = fo sec i? (1. 1.33a) 

if is the angle of incidence at the reflecting layer, assuming the radical 
in Eqs. (1.1.216 and c) to be zero and taking into account Eq. (1.1.316). 
The angle varies with the distance of transmission and the height of 
the reflecting layer. The value of sec d is unity at vertical incidence 
(zero distance), about 2.4 at 2000 km and about 3 at 3500 km distance 
for F-laycr reflections. In long distance transmission a hop-distance 
of 2000 km is commonly adopted in estimating the useful frequency. 
The latter is often assumed to be between 50 and 85% of the muf, 
preferably nearer the upper limit in order to reduce absorption of the 
transmitted waves in the ionospheric layers. 

References: 25 ^ 26 y 51 y 87 j 124 . 

1.1.34. Short-distance propagation. Though waves of frequencies 
above 30 mc/s have occasionally been propagated from Europe to the 
United States (references 21j 108y 275), ionospheric conditions are 
usually such that reflection of these waves is poor. Hence only direct 
transmission between emitter and receiver is reliable at these frequencies. 
If hit denotes the altitude of the transmitting antenna above the eai th s 
surface and hrec that of the receiving antenna (both in meters), the 
maximum distance D at which both antennas are within sight of each 
other is: 

Z)(km) = 3.57(V/if,.(m) + ^hrec{vci)'). (I.L34a) 

If the distance between transmitter and receiver is smaller than this, 
rays may arrive at the latter following mainly two different paths: 
directly along a straight line, and by single reflection at the earth’s 
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surface. Interference patterns may result from the addition of such 
rays at the receiver. Moreover, diffraction at the earth level may 
still complicate this state of affairs (see Fig. 18). Whereas a gradual 
decrease of field strength below the horizon occurs at 7 m wavelength, 
abrupt decreases are obtained at centimeter-waves. 

In these representations of Figure 18 no account is taken of the 
effect of the lower atmosphere. Though ionization is not appreciable, 
the dielectric coefficient e is dependent on atmospheric density and 
humidity and thus gradually decreases at increasing altitude. The 
effects of this dependence are most noticeable if the path of trans- 
mission is inclined with respect to the earth ^s surface, as is the case 
between airplanes and ground stations. With light rays the effects 
of atmospheric inhomogeneity may sometimes be clearly seen at sunset, 
when the sun’s disk assumes elliptical shapes. By these effects the 
field strength due to a transmitter below its horizon may be appreciably 
higher than would be deduced from Figure 18. Some examples of 
calculated electric-field strengths as dependent on altitude and distance, 
due to a vertical half-wave transmitting antenna carrjdng 1 amp at 
its center and situated at an altitude of 1 km, are shown in Figure 19 
at 138 and 73 mc/s (reference 97), These calculations have in part 
been confirmed experimentally under specified assumptions of at- 
mospheric density and humidity. 

If the angle of incidence at the earth’s surface is near 90°, the reflec- 
tion coefficients Fa and Fb according to Eqs. (1.1.216 and c) are both 
approximately equal to — 1. Taking this into account a simple formula 
may be deduced for the approximate field strength at a height hrec and 
a distance D from a transmitter of height htr and of any polarization, 
the transmitted power being P (watts) and the gain being g (see sub- 
section III. 1.1 2) in the direction of transmission over a dipole trans- 
mitting antenna. 

Errc (volts/cm) = 0.13 sin (1.1.346) 

The wavelength X of the transmitter is expressed in meters as are JT, 
htr and Kec- This Equation is subject to the conditions that \, htr and 
hrec are less than one tenth of D. 

References: 21, 49, 61, 69, 97, 107, lOS, II 4 , 170, 253, 267, 273, 276, 

337, 380, 393, 395, 



30 


WAVES AND SIGNALS 



Fici. l<Sa Short-distance propagation vip to the horizon and beyond, the properties 
of the soil (<r and c) being as indicated, the altitude of the vert-ical transmitting dipole 
being 100 m and that of the receiver zero. Vertical scale indicates relative field 
strengths, the value near the transmitter being unity. Horizontal scale is distance 

from transmitter expressed in km. 
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Fifi. 19 Electrical-field strength due to a vertical half-wave antenna being fed 
with 1 amp r.m.s. current at its center and situated at an altitude of 1 km. Vertical 
scale: Field strength expressed in microvolts per meter. Horizontal scale: Altitude 
of receiver, (dirves corresponding to dilTerent di.stances. Wavelength X is indicated. 

1.1.4. Disturbances of propagation. The effects dealt with in the 
j)receding sections are subject to a number of disturbances caused by 
special conditions. Some of these will be treated briefly. 

1.1.41. Regular ionospheric disturbances. The simple considerations 
of ionospheric reflections of .sections 1.1.31 and 1.1.32 are only partly 
coincident with actual reflections due to the action of the earth’s 
magnetic field. If a wave train is projected vertically upward at a 
place situated on the earth’s magnetic equator, with the electric- 
field strength parallel to the earth’s magnetic field, the ionospheric 
electrons move ixarallel to the latter field and hence their motion is 
not subject to its action. Reflection and refraction occur as described 
in the preceding sections, the corresponding rays being indicated as 
^^ordinary’’ rays. But if the electric-field strength is })erpendicular to 
the earth’s magnetic field, the latter has a considerable influence on 
electronic motion. Reflection and refraction are altered and the cor- 
resjxmding rays are indicated as ‘‘extraordinary” rays. The critical 
fre(]uency of extraordinary rays is higher than that of ordinary rays. 
If an angle exists between electric-field strength and the earth’s mag- 
netic field different from zero or a multiple of 7r/2, each incident wave 
train is split up into two reflected and two refracted wave trains, cor- 
responding to these ordinary and extraordinary rays. At places on 
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the earth between the magnetic equator and magnetic poles the reflected 
and refracted waves are, in general, of elliptic polarization if the incident 
waves are of linear polarization. In the northern hemisphere the 
extraordinary rays are of polarization rotating clockwise and the 
ordinary raj^s of polarization turning counterclockwise. In the southern 
hemisphere these conditions are reversed. The waves are here viewed 
in the direction of propagation, assumed to be vertical. If this direction 
coiricides with that of the earth\s magnetic field, polarization is circular. 
By intorfi^rence between ordinary and extraordinary rays at the receiv- 
ing antenna, rapid changes of polarization and amplitude may and do 
frequentlv occur, necessitating suitable precautions against resulting 
strong signal -fading effects. 

In the vicinity of critical frequencies the altitude of reflecting layers 
may show relatively large changes, e.g., between 190 and 450 km 
(Fi-layer) at frequencies of 4 to 4.5 mc/s. Considerable variations 
in angles of incidence may result even in such relatively small frequency 
intervals as 10 kc/s. In the above example the corresponding angle 
variation is 0.68 degree. Thus different propagation may occur at 
different frequencies of one frequency band, resulting in considerable 
distortion of the signals received (see section 1.2). 

The altitudes of reflecting layers and their local constitution may 
show rapid variations ascribed to what are believed to be ionospheric 
cloud motions. The points of reflection may thus change suddenly, 
and even the reflecting layers may alter, e.g., by a gap arising in the 
clouds of a lower layer. Obviously considerable variations of received 
field strengths may result from these effects. Some further resulting 
phenomena are: variations in vertical angles of arrival at the receiver 
of waves issuing from distant transmitters (Fig. 20) and variations in 
horizontal angles of arrival (Fig. 21). 

Ionospheric properties are often dependent on the field strengths of 
incident waves, thus giving rise to non-linear effects in wave propaga- 
tion. Among such effects are: generation of spurious freciuencies and 
distortion of signals (reference 96 ). The said dependence is particu- 
larly pronounced with waves of high specific power. 

All these phenomena may be classified as ^‘normal or regular disturb- 
ances,^^ as they arise from effects occurring regularly without special 
outward causes (so far as is known). 


References: <97, 96 ^ 124 , 



IRREGULAR IONOSPHERIC DISTURBANCES 


33 



Central Eurc^ time 


Fig. 20 Anf:les O of elevation at Berlin clue to wave's transmitted from Schenectady 
(vertical scale) as dependent on local time (horizontal scale). Usually several angles 

occur simultaneously. 



Fig. 21 Deviations from great-circle propagation, the deviation angles in degrees 
being indicated horizontally. Vertical scale: Percentage of observations at which 
a given deviation value is not surpassed. Curve 1: Reception near Ix)ndon from 
Berlin at a wavelength of 31.4 m. Curve 2: Reception near London from Prague, 
wavelength 44.0 m. Curve 3: Reception near I^ondon from U.S. transmitters at 
wavelengths between 31.4 and 30. 


1.1.42. Irregular ionospheric disturbances. Variations in the sun^s 
constitution are in many cases responsible for irregular disturbances. 
The known 11-year period of sunspots (maxima occurring in the years 
1926/27, 1937/38, 1947/48, 1958, etc.) cause corresponding variations of 
ionization of the ionospheric layers and thence of critical frequencies, 
the latter being highest during sunspot maxima (reference 26 and Fig. 
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14). Another known source of ionospheric variations resides in varia- 
tions of the earth’s magnetic field. These arc often caused by eniptive 
activity at the sun’s surface. 

Special disturbances of relatively short duration have been observed 
simultaneously on short as well as on medium waves. These disturb- 
ances probably stem from eruptions in the sun’s chromosphere which 
produce considerable increases of ionization in the lower ionospheric 
layers. They are infrequent in periods of small sunspot activity 
(e.g., 1943/44), but increase in frecpiency in periods of maximal sun- 
spots (e.g., 1947/48). The duration of these disturbances is up to 
about one hour, durations between 10 and 15 minutes being most 
frequent. They occair only along paths of propagation on the day- 
side and may result in complete disai)peararu^e of signals at reception 
sites. Simultaneously so-called ^‘atmospherics” at medium-wave recep- 
tion show marked increases. An example of siudi disturbances was 
observed in 1936, medium-wave atmospherics at Rabat and Tunis 
(both in North Africa) and Paris (frequencies between 27 and 31.6 kc/s) 
occurring simultaneously with disappearance of signals of 9.5 inc/s at 
Minis, Massachusetts. Another instance was a two-hour complete 
breakdown of transatlantic short-wave communication on Leb. 7, 194(). 

Disturbances of short-wave ])ropagatiou havc^ been observed to 
occur simultaneously with northern lights (aurora borealis). The 
latter is known to be related to disturban(‘es of the earth’s magnetic 
field and probably also to activity on the sun’s surface. 

On the other hand, the “atmospherics” so common in long- and 
medium-wave reception are of less importance, at short and ultra-short 
waves (see section 1. 1.44). 

References: 25, 26, 87, J24, 322, 38^ 

1.1.43. Disturbances at ultra- and extreme-short waves. As these 
waves are normally used in short-distance propagation, ionospheric 
reflections being of minor importance, no pronounced effe(*ts due to 
ionospheric variations need be expected with such propagation. The 
disturbances oc^curring at tlu^se frequemdes are due to interference of 
different rays of possibly different polarization propagated along dif- 
ferent paths. Interference patterns are in general not stationary but 
liable to rapid variations. First we shall discuss interferences (*aused 
by reflections and diffracddons at various types of obstacles. One 
example has been shown in Figure 135. Another example, showing 
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the effects of hilly country in Switzerland, is shown in Figure 22. A 
third example shows the propagation of television waves over a densely 
built-up city area (New York), in Figure 23a. 

Secondly, variations of field strength at a fixed reception site due to 
multiple-ray interference will be considered. In Figure 18 the field- 
strength curves have been flattened out a bit for the sake of simpler 
representation. In reality, the interference of multiple rays arriving at 




Fig. 22 Propagation of 40 irio/s wavos across hilly country in Switzerland. Curves 
la and Ih are related to a transmitter at P (lower diagram), curves 2a and 2b to a 
transmitter at fV, la and 2a being the reciprocal distance curves, while Ih and 2b 
are experimental curves. Due to Prof. F. Tank of Zurich. 


the receiver causes oscillations of the field-strength curves amounting, 
in many case's, to between 3 and 20 db in power. By slight displace- 
ments of such interferences the field strength at a fixed re(*eiver site 
may show similar variations. The conditions attending recejition of 
these waves are illustrated by Figures 236, c, and d. Large variations 
of field strength arc in general more frecpient in summer than in winter. 
Fog, rain, snow, and hailstorms usually cause (‘omparatively few 
direct effects except at extremely short waves (see Fig. 23c and reference 
297 ), 

Sometimes reflections of ultra-short waves (beyond 30 me ^s) at 
lower ionospheric layers have been found (references 108 ^ 275 ), resulting 
in long-distance propagation of these waves over hundreds of miles 
(e.g., London-New York). It is obvious that such reflections, if they 
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occur, may also impair short-distance propagation by causing additional 
interfering rays. Reflections from passing objects, such as airplanes, 
may cause ray-interference and thence visible disturbances on a tele- 


tnV/iti 



Fig. 23a Electric-field strength expressed in millivolts /meter (vertical scale) as 
dependent on distance in miles (horizontal scale) due to a 2-kw transmitter at 400 m 
altitude in New York, wavelength 6.8 m. The points indicated differently corre- 
spond to different directions from transmitter. (L.F. Jones, P.I.R.E. vol. 21 (1933) 

p. 349.) 

vision screen. The effects of such reflections were described as early as 
1931, based on 1929 observations, and were then applied for the detec- 
tion of objects in rooms and on open grounds (e.g., trespassers). This 
may perhaps be indicated as an early application of radar (references 
337, 3i0), 

References: 108, 265, 275, 297, 337, 340. 



Fia. 23b Variations of electrical field in db above one microvolt/meter as depend- 
ent on time at 60 km distance and 2 m wavelength, the receiver being close behind 
the horizon. Transmitter power 4 watts. According to Ch. R. Burrows, A. Decino, 
and L. E. Hunt, P.l.R.E. vol. 26 (1938) p. 516. 



Fig. 23c Daily variations of amplitude of field-strength variations. Vertical scale. 
Percentage of time during which the hourly variation of field-strength amplitude is 
above the values indicated at the curves. Horizontal scale: Time. Conditions as 
in Fig. 23b. Same authors. 
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Fig. 23fl Border oases of fading curves in transmission over sea. Vertical scale: 
Db reception i)ower in relative arbitrary scale. Horizontal scale: Time. According 
to: C. It. Knglund, A. B. Crawford, and W. W. Mumford, B. T. J. vol. 17 (1938) 

p. 489. 



Wa^length tn centimeters 

Fig. 23e Influence of rain on attenuation of centimeter waves. Due to S. D. 
Robertson, A. P. King, and G. E. Mueller, P.I.R.E. vol. 34 (1940) p. 178 and 181. 


1.1.44. Man-made, atmospheric, and interstellar noise. Besides 
signal disturbances as described in the three preceding sections, other 
disturbing signals reach the reception antenna. These mostly cause 
‘‘noise” in the sound stages of a receiver and are hence generally 
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indicated by this name. Probably the most important sources of 
such noise, especially in built-up areas, are man-operated. All sorts 
of apparatus operated by electricity may be sources of short- and 
ultra-short wave radiation, the resulting wavelength spectrum being 
more or less continuous, its specific power per unit of band width 
(assuming specific power to be proportional to band width) often 
decreasing toward the extieme-short waves. Dynamos and motors, 
high-power rectifiers, medi(‘al implements (e.g., diathermy), vacuum 
cleaners and household appliances, neon and similar lights, electric 
railways, high-tension lines, and motorcar and airplane ignition sys- 
tems are among the most common sources of disturbances. Wide va- 
riations in specific disturbance power per kilocycle band width at 
different localities make it difficult to quote representative figures. 
A value of 10“^^ watts per cm^ and kc/s is often regarded as high 
and a value of 10“^^ watts per cm^ and kc/s as rather low in city 
areas up to 300 mc/s. Disturbance levels are particularly high in 
the vicinity of a source where the decrease with increasing distance is 
faster than corresponds fo the 1/r" law at longer distances. In such 
a vicinity the ratio of electric- to magnetic-field strength is in many 
cases larger than 377 olims, which is the figure for the 1/r^ region (see 
Eq. 1.1.1 la). 

Disturbance noises of a similar nature caused by thunderstorms and 
related atmospheric activities are commonly called ^^atmospherics.^^ 
On the entire earth’s surface an average of 2000 thunderstorms oc- 
cur simultaneously, corresponding to about 100 strokes of lightning 
per second. The average dissipated power is about 10^^ watts or 2 
kw per square km. Only a small portion of this power is converted 
into atmospherics in our sense. The specific power of atmospherics 
is related to sunspot activity and shows 11-ye^ar periods. In summer 
it is generally much higher than in winter. A further daily period is 
superimposed, the minimum level mostly occurring at night. Different 
parts of the earth’s surface show different densities of thunderstorms. 
South Africa is notorious for their frequency during its local summer. 
The noise level pkc (specific power per kc/s) decreases with increasing 
frequency. At wavelengths beetwen 10 and 50 meters the minimum 
values of pkc ^re about 2 X 10~^^ watts/ (cm^ X kc/s). Still lower 
values occur only during 5% of the time of observation. At decimeter 
and centimeter wavelengths this level is considerably lower, only 
atmospherics from sources at relatively short distances being received. 
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Experiments at frequencies between about 15 and 150 mc/s have 
shown (references 157 y 17 5 y 291, 292) that considerable noise is received 
from directions coinciding with the galactic region, the origin being be- 
yond doubt extraterrestrial. The specific power pkca per unit (radian) 
of spherical angle (the entire sphere being 47r units) and per kc/s in these 
directions was found to be about 10“^^ watts/ (cm^ X kc/s X radian) 
at 30 mc/s. The resulting noise power captured by antennas may be 
larger than the values corresponding to the preceding two sources and 
hence this noise of stellar origin is of considerable practical importance. 
It has been found to be absent at frequencies between 10,000 and 30,000 
mc/s. This cosmic noise is inversely proportional to a power of the 
frequency which lies between 2 and 3 in the range between 40 and 200 
mc/s (reference 400). The decrease of atmospheric noise at increasing 
frequency is faster above 10 mc/s. Thus a frequency region exists 
where both noises are of equal order of magnitude. This region is below 
about 10 mc/s at latitudes between 30 and 50 degrees. Below this 
frequency region cosmic noise becomes less important, particularly be- 
cause of the ionosphere acting as a reflector. 

Recent experiments (references 166 y 231 y 270, 271, 329) have un- 
covered appreciable radiation by the sun at frequencies between 50 and 
30,000 mc/s. The corresponding specific powers pkc at 200 mc/s were 
often higher than 10~^^ watts/ (cm^ X kc/s). 

References: 101, 132, 157, 166, 175, 176, 211, 231, 270, 271, 291, 292, 

329, 400- 

1.2. Signals 

A singly periodic wave of constant properties cannot convey any 
messages. In order to implant a message on such a wave it has to bo 
modulaUd, Either one or several of its properties have to be varied 
according to a preconceived jdan. We shall consider the variations 
of its dilTerent proi)erties, which give rise to the dilTorent modas of 
modulation in pn^sent use. 

1.2.1. Amplitude modulation (AM). Perhaps the oldest type of 
modulation arises by variation of the amplitudes of a singly periodic 
wave. 

1.2.11. Singly periodic amplitude modulation. This type of modula- 
tion may perhaps best be explained graphically. The field strengths 
of a singly periodic unmodulated wave at a fixed position in space 
may be represented as dependent on time by a sine or cosine curve. 
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If this wave carries a singly periodic amplitude modulation the ampli- 
tudes of the sine or cosine curve vary in time as a sine or cosine curve. 
In the upper part of Figure 24 this is represented for a variation of 
amplitude between zero and a maximum value, its rate or frequency 
of variation being in this case exactly five times slower than the fre- 
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Fig. 24 Picture of an amplitude-modulated wave (upper diagram) with its carrier 
(next diagram) and both its side waves (remaining diagrams), the coefTicient of 

modulation being unity. 

quency of the unmodulated wave. The envelopes of the oscillating 
curve 1 are in this case two sine curves I and II, mutually tangent at 
the points of zero amplitude such as 2. Curve No. 1 may be decomposed 
into the three separate singly periodic curves shown in the lower part 
of Figure 24 in the sense that at every instant a point of curve 1 is 
obtained by adding the respective instantaneous deviations of these 
three curves from their central axes, associating opposite signs with 
deviations to either side of these axes. Hence the said three curves 
are together entirely equivalent to the curve No. 1. A different case of 
AM is shown in Figure 25; the enveloping curves of the amplitudes 
now intersect each other (upper part of Fig 25). Again the decom- 
position of the resulting curve No. 1 into three separate curves may 
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be carried out exactly as shown in Figure 24. A different and often 
applied representation of modulated waves makes use of their so-called 
spectrum. The amplitudes of the com[)onent waves are represented 
on a vertical s(*ale and their respective frequencies on a horizontal scale. 
Thus the spectral re])resentations corresponding to Figures 24 and 25 
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Fig. 25 As Fig. 21, but corresponding to a modulation coefficient of 1.5. 

are as shown in Figure 2Ga and b. The frequencies of two of the com- 
ponent waves are situated symmetrically with respect to the central 
one, coinciding with the frequency of the unmodulated wave, indicated 
as the carrier. The former symmetric waves are called side waves. 
This spectral representation of Figure 26 docs not, however, contain 
the complete information contained in Figures 24 and 25. The zeros 
of the three component waves in the lower parts of Figures 24 and 25 
show a definite mutual situation, which does not enter into the spectral 
representations of Figure 26. 
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1.2.12. General representation of AM waves. In the usual treatment 
of alternating currents and voltages by vector diagrams, a singly 
periodic quantity of invariable properties is represented by a single 
straight line of length proportional to its amplitude. If the angular 
frequency is co, this straight line rotates with uniform angular speed 
CO about one of its end points. The perpendicular projection of the 


rotating vector on any second 



Fig. 26 Spectral representa- 
tion of AM waves, the diagram 
a corresponding to Fig. 24 and 
the diagram b to Fig. 25. The 
moduli of carrier (center) and 
side waves are represented 
vertically and the correspond- 
ing angular fr(‘cpiencies hori- 
zontally, linear scales being 
used for both. 


stationary line represents the 



27 Vectorial representa- 
tion of carrier wave by the 
vector 1 rotating round its 
lower end at the angular fre- 
quency CO. Its perpendicular 
projection on the line 2 Is its 
instantaneous value. If 1 
rotates, 2 is stationary. In- 
stead of this, I may be station- 
ary while 2 rotates at the same 
uniform speed in the opposite 
direction. 


oscillating quantity under consideration at every instant (see Fig. 27). 
Instead of a rotating vector and a stationary line of projection, we 
may also use a stationary vector and a unifonnly rotating line of pro- 
jection at the same angular speed but of opposite direction. We 
shall hereafter refer to this latter representation. The side waves of 
Figures 24 to 26 are of angular frequencies cx) — Q and co + II respec- 
tively, 12 being the angular frequency of modulation. These side 
waves may be represented by two vectors in addition to the carrier- 
wave vector 1 of Figure 27 and rotating with respect to the latter 
stationary vector at angular speed 12 and in mutually opposite direc- 
tions. In the AM as represented in Figures 24 to 26 the side-wave 
vectors are of eciual lengths and of symmetrical positions with respect 
to the carrier vector. Thus Figures 24 and 26a correspond to Figure 28; 
the maximum instantaneous amplitude is twice that of the carrier vector 
and the minimum instantaneous amplitude is zero. In Figures 25 and 266, 
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Fig. 28 Vectorial representa- 
tion of an AM wave, the modu- 
lation coefficient being unity. 
Diagram a: Intermediate in- 
stantaneous position of side 
waves SW with respect to car- 
rier wave CW. Diagram h: 
Instantaneous position of side 
waves such that maximum 
length of momentary vectorial 
sum is obtained, this being 
twice the total length of the 
CW vector. Diagram c: Mo- 
mentary position of side waves 
such that a minimum length of 
instantaneous vectorial sum 
is obtained, this length being 
zero. 


these values would be 2.5 times and —0.5 
times (minus sign denoting reversal of direc- 
tion) the carrier vector respectively. The 
ratio of the sum of the lengths of the two 
side-wave vectors to that of the carrier 
vector is indicated as depth of AM and de- 
noted by Wa- Figures 24 to 26 and 28 
show that the ratio of the amplitude of 
each side wave to that of the carrier wave 
is ma/2. 

Instead of one single angular frequency 
0 of modulation, several such frequencies 
may be applied, resulting in a number of 
side waves twice the number of frequencies 
of modulation. The frequency band neces- 
sary to accommodate these frequencies of 
modulation is twice the highest value of 0 
under consideration, as is evident from 
Figure 26. 

The outstanding feature of pure AM, 
as indicated in Figures 24, 26a, and 28, 
is that the resulting instantaneous vector 
obtained by adding carrier-wave and side- 
wave vectors is of the same direction as the 
original carrier vector. Hence the instan- 
taneous angular speed of rotation of the re- 
sulting instantaneous vector is invariable 
and equal to co. In other words: the fre- 
quency of the resulting modulated wave is 
unchanged if compared with that of the un- 
modulated carrier. Only the latter^s am- 
plitude is altered, i.e., modulated. Hence 
the descriptive name, pure AM. 

References: 171, 286, 

1.2.2. Phase, frequency, and mixed mod- 
ulation. W e shall now discuss more modern 
types of modulation, which offer several 
advantages in comparison to pure AM. 
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1.2.21. Phase and frequency modulation (FM). In Figure 27, the 
angle included by the vector 1 and the line of projection 2 is indi- 
cated as '‘phase angle’ ^ at a fixed instant preferably ^ = 0. If the 
vector 1 is moved to and fro, its length remaining invariable while 
the line 2 is rotating uniformly, the phn«^ angle is varied in a definite 
way. Tins alteration of the carrier wave is accordingly indicated as 
phase modulation. Denoting the phase angle by 0, we may impart 
a singly periodic modulation to it thus: 0 = rn sin + (^), Q being 
the angular frequency of modulation and tp an arbitrary phase angle. 
The instantaneous angular speed of the vector 1 with respect to the 
line 2 of projection is w + (l(j>/dt. This expression also marks the 
instantaneous angular frequency ot the phase-modulated wave. With 
the above singly periodic phase modulation, this resulting instantaneous 
angular frequency is: 

r/0 

0 ) + — = 0 ) + 7fiQ cos (Qt + <p). (1. 2.21a) 

(it 

We shall now discuss a special case of phase modulation, in which 
the product mil is independent of the angular frequency Q of modula- 
tion. Thus m 12 = Aco, in which Aco is a constant, indicated as angular 
frequency swing. This special case is called frequency modulation 
(FM), for obvious reasons. Using a representation similar to Figures 
24 and 25, a singly periodic wave with singly periodic FM is shown in 
the bottom picture of Figure 29. This FM may be visualized by 
drawing a singly periodic wave on a rubber sheet and then applying 
extension of compression to some parts of the sheet so as to obtain the 
bottom curve of Figure 29. 

For some purposes this graphical discussion of AM and FM waves 
may be usefully supplemented by formulas. If the carrier of a pure 
AM wave is represented by A cos the corresponding modulated 
wave may be represented: 

AM: A{1 + Wq cos (122 -f <^)} cos w2. (1.2.216) 

By familiar trigonometric decomposition we obtain the equivalent 
equation : 
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Thus we have the two side waves of angular frequencies oj + Q and 
CO — 12 and of amplitudes rriaA /2y as represented in Figures 24 to 26 
and 28, besides the carrier wave of angular frequency co. 

In the case of singly periodic FM of the carrier A cos oii we obtain, 
by Eq. (1. 2.21a), the representation: 

FM: A cos jeo^ + msin (12^ + <^)1, (I.2.21ci) 

Die expression m sin {Ui + <p) being the phase angle 0 to which singly 
periodic modulation is applied. As with AM, the FM wave may also 



Fig. 29 Wave picture of AM and FM, (liap;ram a representing the unmodulated 
carrier wave, diagram b rei)resenting the modulation, diagram c representing AM 
with a unity coefficient of modulation and diagram d representing FM. 

be decomposed into components of a single frequency each. If rn is 
small in comparison to unity, wc obtain, as a first approximation: 

7Yl 

FM for m 1 : A cos + A cos { (a; + 12)^ + <^} 

( 1 . 2 . 216 ) 

771 

+ A “ cos{ (co ~ ^)t — <p — Tr]» 

Thus we have again one carrier and two side waves of angular fre- 
quencies w + 12 and w — 12. C'omparirig Eq. (c) with Eq. (c), it 
appears that the phase angle of the second side wave is — ~ tt in 

Eq. (c) as against — in Eq. (c). Hence the vectorial representation of 
the side waves is difTerent from i igun^ 28 and is represented in Figure 30. 
The vectorial sum of the carriers wave (CW) and of the two side waves 
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(SW) of Figure 30 is a vector starting at 
0 and ending on the straight line perpen- 
dicular to CW. Pure FM, however, cor- 
responds to an invariable length of the car- 
rier vector during the process of modulation. 

Hence the end of the resulting vector should 
be situated on a circle centered at 0. Thus 
it is seen that the decomposition of Eq. (e) 
can be approximately correct only if the 
SW vectors are small compared to CW, i.e.. Fig. 30 Representation of a 

1. If this condition is not satisfied, carrier wave vector CW with 

more than two side waves result fiom the waves according to 

decomposition of an FM wave. The spec- 

^ . Sinn of the three vectors is 

tral H'presentations corresponding to sev- between 0 ami some 

eral values of m are shown in Figure 31. point on the broken line. 
Most of the appreciable side waves are con- 
tained within an interval of Ao) = mQ on each side of the carrier wave. 

References: 7, 58, 105, 171, 17 J^, 286, 314- 




m = 1€,0 


Fig. 31 Spectral reprcs(*ntation of FM. Horizontal: Linear angular frequency 
scale. Vertical: Magnitude of the component waves on a linear scale, d'he modula- 
tion coefficients m are indicated, as well as the angular frequeney swing Aco = 
and the angular modulation frequency U. 
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1.2.22. Mixed and distorted modulation. So far only pure AM and 

FM have been considered. For various purposes, however, other 
types of modulation are applied. One of the most common types in 
commercial communication is single side-wave modulation. If we 
remove one side wave in the AM pictures of Figures 24 to 26 and 28, 
only the carrier and a single side wave remain. In some cases the 
camcT” is also suppressed and thus only a single side wave is transmitted. 
In other cases the carrier is only partly suppressed, thus leaving us 
with a relatively weakened carrier and a single side wave. One ad- 



Fiq. 32 Wave representation of single side- wave modulation. Full curve of vary- 
ing amplitude represents resulting wave, I being its envelope. Full curve of con- 
st.aT.t amplitude is carrier and broken curve of constant amplitude is side wave. 

Angular modulation frequency O is one-quarter of angular carrier frequency w. 

vantage of all these procedures lies in the narrowing of the total band 
width required for transmitting modulation of frequencies within a 
given range. As compared to pure AM, at least half of the band width 
is eliminated. Besides creating space for accommodating more signal 
channels witliin a given frequency range, loss distortion will in general 
be incurred by a single side- wave signal during transmission (sec sections 
1.1.41 and 42). Furthermore, the power of the final transmitter stage 
is also cut down considerably, as no power is necessary to transmit the 
suppressed parts of the AM wave. The representation of these single 
side waves needs no further comment. 

In the receiver, if linear detection is applied, the resulting signal 
after detection coincides with the envelope of the received modulated 
wave (see Figures 24, 25, and 20). The envelope of a single side wave 
with carrier has net the shape of a singly periodic curve (i.e., sine or 
cosine curve). An example is shown in Figure 32. This non-sinusoidal 
shape results in distortion at the output of the receiver. It may be 
minimized, however, by increasing the ratio of carrier amplitude to 
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side-wave amplitude. This may perhaps be discussed best by referring 
to Figure 28, omitting one side wave. If the CW is large in comparison 
to the remaining SW, the length of the modulated CW vector will 
approximately vary in proportion to cos (Qt + (p), thus practically 
eliminating distortion of the linearly detected wave. This procedure 
is applied in single side-band reception, either relatively reinforcing 
the received carrier by local means or adding a neV carrier of appropriate 
strength if no carrier is received. In general, the end point of '.he 
resulting vector will travel on a circle centered in the end point of the 
unmodulated CW vector and of radius equal to the SW vector (see 
Fig. 28). Its direction is therefore not invariable with respect to the 
unmodulated CW vector, and hence phase modulation as well as 
amplitude modulation results from single side-wave operation. It 
may be considered an example of i ixed n odulation. 

The case of AM illustrated by Figures 25 and 265 also constitutes 
mixed or distorted modulation. In Figure 28 the lengths of the SW 
vectors are above one-half of that of the ( ' W vector in the present case. 
Hence the resulting modulated CW vector reverses its sign in each 
period of modulation and thus its angular frequency is also altered 
abruptly. As soon as rria is beyond AM results in distortion as 
mixed modulation is introduced. This is indicated in Figure 25, the 
envelope being no longer a sine or cosine curve. The present case of 
AM is often indicated by the term ‘^over-modulation.’’ 

Another example of mixed or distorted modulation has already been 
mentioned in connection with Figures 36 and 31. If we eliminate 
(by the use of proper filters) from any of the FM waves represented in 
the latter figure all side waves except the two adjacent to the carrier, 
the picture of Figure 30 results; and we have already seen that besides 
FM, manifest in the wobbling of the CW vector, AM corresponding 
to the variation of its length is also present. 

References: 58 ^ 73, 74, 76, 77, 105, 131, 171, 286, 

1.2.3. Impulse modulation and band-width considerations. In mod- 
em practice yet a third type of modulation, known as pulse or im- 
pulse modulation (IM), is being applied and will be discussed briefly. 
The interrelation of transmitted band width and message volume will 
be considered in the final section of the present chapter. 

1.2.31. Impulse modulation (IM). Impulse modulation resembles 
AM in that the level of the transmitted wave is altered while its fre- 
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quency is kept invariable. Unlike AM, however, this variation of 
level is only between a fixed lower and upper wave level, barring any 
intermediate levels, the lower level Ijeing often negligible compared 
with the higher one. The necessary further variable in the modulation 
process may correspond to the length of time during wliich the wave is 
brought to its upper level before being restored to its original lower 
level. 1 'his ^ ^impulse duration” U has to be considered in relation 
to the period of the wave, this being 2tv/o). The quantity (constitutes 
a proper measure for the relative impulse duration. Its magnitude is 
determined by the quality factor of the tank circuits applied in trans- 
mission and reception (see section IV. 2 . 11 ). If Q is the higliest value 
of tliis factor, the building up of power in the corresponding circuit is 
governed by the exponential law: 1 — exp ( — coZ/Q), a? being the resonant 
angular frequency and t the time. Substituting it for t and requiring 
the expression witliin brackets to be at least — 1 , we obtain the rultc 
that o)U should be higher than Q — i.e., higher than the highest c]uality 
factor present. In this case the building up or decaying processes of 
power in the circuit under consideration are nearly completed within 
the duration of one impulse of shortest duration. Whereas this re- 
quirement fixes a lower bound for a higher bound is determined by 
the consideration that prolonged impulses would constitute an un- 
desirable waste of transmitting power. Besides the impulse duration 
ii the time lapse ti between two adjacent impulses is important in IM. 
It should be longer than Q/co for the same reasons as ti, and is usually 
much longer than ti for transmitter power considerations. The number 
of impulses per second is fixed by t^ and ti and may be varied by altering 
ti above its lower bound. The resulting angular impulse frequency 
(/ = l/(Zi + ti) is usually well above audio frequency level. As with 
AM (Fig. 26) and FM (Fig. 31), a spectral representation of I M is 
useful for the discussion of its application. Assuming the pulses to 
be of exactly rectangular shape and ti = h, whereas the low level is 
negligible compared to the high level, the spectrum is sh(nvn in Figure 33. 
The amplitudes (rf the two side waves adjacent to the first ones arc 3 -, 
those of the next ones of the next ones etc., of the highest amplitude. 
Neglecting the side waves less than - 5 ^ in amplitude, a total band width 
of 18^ or 9/ti in frequency is obtained. If the pulses are not exactly 
rectangular but show a certain slope upward and downward with 
equal spacing, the more remote side waves drop faster in amplitude with 
increasing distance from the carrier. If ti > the frequency q is 
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relatively much sitialler but the decrease in amplitudes of the side 
Avaves with increasing order (starting from the carrier) is slower, thus 
often leaving the total required band width approximately unaltered at 
equal U. 

The above type of IM is often indicated as ‘^pulse-width^^ modulation 
for obvious reasons. Besides this type of IM a number of further types 
have found practical application. We shall mention here: “pulse- 
time’' and “pulse-fre(iuency" modulation. With the former, also call'^d 
“pulse-position” modulation, the timing of a pulse of constant width 
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FiCi. 83 Spectral representation of IM wave, the intervals between impulses U being 
equal to the im{>ulse duration U. Horizontal and vertical scales are as in Fig. 31. 

relative to a reference pulse of constant spacing and width is varied 
around a fixed mean value and conforms to the amplitude of the modula- 
tion to be transmitted (see Fig. 227). With the latter the repetition 
rate of a y)ulse of constant width is varied around a fixed mean value 
conforming to the amplitude of the desired modulation. Spectral de- 
compositions of the two further types mentioned are somewhat similar 
to Fig. 33. 

Referi^nces: 28Gj 296, 378, Jfi7. 

1.2.32. Band-width considerations. As a first example of the relation 
between the messages transmitted and the required band width, we 
consider telephone communication. Usually a frequency band of 
width between 2 and 3 kc/s is assigned to such communication, 2.3 kc/s 
being a common figure. The interval between two adjacent channels 
of communication is usually 0.8 kc/s, thus bringing the total band 
width per channel to 3.1 kc/s. Normal speech carries between 50 and 
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160 words per minute (wpm), thus fixing the message volume expressed 
in wpm per cycle assigned band width. 

As a second example, we consider telegraph communication using 
a system of 5 signals (dots and intervals) per letter or sign. Between 
two adjacent signs a further signal is required. With automatic ap- 
paratus 50 signals per second may be communicated, equivalent to 
8 letter-signs per second. Using 50 signals per second, a band width 
of 80 c/s is required with an interval of 40 c/s between adjacent channels 
of communication. Hence a total assigned band width of 120 c/s per 
channel corresponds to about 80 wpm. The efficiency of this telegraph 
communication — i.e., the number of words per cycle/s assigned band 
width — is hence about 20 times that of the telephone communication. 
By using code and a more elaborate system (e.g., 7 or 10 signals per 
code-sign), much greater efficiency may be obtained. However, 
coding and deciphering of the messages increase the total time required 
for their communication. 

As a third example, we consider television with an assigned band 
width of 6 mc/s. Ttiis may be compared to the communication of 
a great many wpm; think of the number of words required for an 
adequate description of all the detail contained in a television picture. 

It is useful to include here some band assignments for different pur- 
poses at frequencies between G and 30,000 mc/s (50 meters and 1 cm 
wavelength in air). Sound broadcast services cov(‘r the ranges: 6.0-6.2, 
7.2-7.3, 9.5-9.7, 11.7-11.9, 15.1-15.35, 17.75-17.85, 21.45-21.75, 25- 
26.6 mc/s. Television covers the channels: 44-50, 54-60, 60-66, 66-72, 
76-82 and 82-88 mc/s, according to Federal Communications Com- 
mission assignments in the United States. Amateur services cover; 
7.0-7.3, 14.0-14.4, 28-30, 56-60 mc/s, according to the 1938 interna- 
tional radio conference at Cairo. In the United States some further 
assignments by the F.C.C. are: 42-44, 72 -76, 88-92 mc/s for non- 
government fixed and mobile services, 50-54 mc/s for amateur stations, 
88-92 mc/s for non-commercial educational FM, 92-106 mc/s for 
FM stations, 106-108 mc/s for facsimile services. Because of the pre- 
dominantly local character of wave transmission at frequencies beyond 
30 mc/s, frequency assignments may well be different in separated 
regions of the earth. 

References: 207 , 229 , 286 , 296 . 
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SPONTANEOUS FLUCTUATION NOISE 

In some oases reception is essentially limited by noise of a random 
character caused by spontaneous fluctuations of electronic motion. 
In sound cliaunels this is well known as a hissing noise, while in tele- 
\dsi()n the efTe(‘t is similar to a snowstorm cov^erino: the picture. As 
a j)rcliminary to an adequate treatment of re(‘e])tion, we shall consider 
some practi(*al aspects of the generation and reduction of such noLse. 

ILL Noise Due to Circuit Elements and Tubes 

In this section the main sour(‘es of noise and their properties will 
be discussed. 

II.l.l. General relations. Before embarking upon this discussion 
some relationships to which frequent reference will be made are presented 
in a convenient form. 

II.l.ll. Available power of a source. The sour(‘es of power acdive in 
the frecpieiKy range under consideration may be represented by a 
two-terminal generator of constant voltage amplitude, which in itself 
has zero internal impedance. The meaning of this is as follows: 
Tx"t the generated voltage (r.m.s. value) be Vg and let an impedance 
Z be connected to the generator’s terminals. Then the current / 
(r.m.s. value) is: I = In order to represent completely the 

source under consideration, it is in many cases necessary to connect 
a definite impedance Zg in series with one terminal of the generator. 
Thus, if we (‘onnect the remaining terminal of the generator to that 
of the impedan(*e Zg across a second impcdanc’e Z, the current through 
the latter impedance is: 7 = Vg/ (Zg + Z). In general, the impedances, 
voltages, and currents are complex quantities in the sense stated in 
section 1.1.11. If their complex character is to be stressed, boldface 
type will be used for the respective symbols. The voltage V arising 
across the impedance Z is obtained from the expression of 7 by multi- 

53 
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plication by Z: 

V = 


:Z = 


ZZ« 


1 


Zs -h ^ Zs Z -j- Zg 


1 


(Il.l.lla) 


This Eq. (a) suggests that 



Fig. .‘U Representation of a 
power source by a voltage gen- 
erator of voltage Vs in series 
with an impedance Zg or by a 
current generator of infinite 
internal impedance supplying 
the current 7 s shunted to an 
impedance Zg. 

the voltage across and the 
P = Real part of 


the source of power may also be represented 
by a constant-current generator supplying 
the current /« to the parallel connection of 
Z and Zj,. The current generator itself is 
to have infinite internal impedance, the im- 
pedance Zs belonging to the source being 
paralleled to the current generator. Both 
representations of a power source — by a 
voltage generator or by a current generator 
— are dejiicted in Figure 34. The outer 
impedance Z is ea(‘h time to be connected 
to the terminals nos. 1 and 2. 

We shall now answer the question . Wliat 
is the optimum average ]^ower which a 
source of this kind may deliver to an outer 
consumer’s impedance Z? If V and I are 
current through Z this power is: 

(VI*) = Real part of 

\ Z + Z, 




the vertical bars denoting the absolute amount or modulus of the 
expression between them. If Z = R + jX and R 

denoting a resistance and a reacdance, we obtain: 

\V.^^R 


With Vs, Rs, and A^ 


' (R + + (X + 

given, the optimum value of 


(II. 1 . 116 ) 


P is attained if 

A — —Xs and R = Rg. These conditions are indicated by the term: 
'^matched” consumer^s impedance. If they are satisfied, we obtain: 

\Vs\^ MJ" 


Pa 


4R 


4/e 


(II.l.llc) 


and this expression is called the “available” power of the source 
under consideration. The second expression in (c) is obtained using 
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the constant-current generator mentioned above. Under the matched 
conditions as much power is consumed in the source^s internal resistance 
Ra as in the outer resistance R. (It has been assumed that Rg and R 
are both of positive sign.) 

n.1.12. Correlation and average values* The currents and voltages 
due to spontaneous electronic fluctuations represent quantities of random 
character. Take a current and let its instantaneous value be I. Meas- 
uring this instantaneous value many times ove — e.g., at interv^als 
spaced regularly — ^and taking the average of the measured values, the 
average current I is found, the horizontal bar denoting the averaging 
process. The difference I — I may be either j)ositive or n(‘gative. 
The average value of its square, taken in the abovfi sense, is the mean 
square current fluctuation or fluctuation current IF. In order to mark 
the difference between fluctuations and current values themselves, i 
is used as a s^nmbol for the former and I for the latter. Now suppose 
that two fluctuation currents ii and io flow through the same path on 
})art of their course. Three cases may arise: {(i) The fluctuations 
causing ii and <2 are entirely correlatcid. In tliis (‘ase /i is a rci)lica 
of ?2 on a magnified or reduced scale. Hence the resulting fluctuation 
current through the path is + ?2 and its mean square value is (?'] + / 2 )“. 
ih) The fluctuations are entirely uncorrelated or, in other words, inde- 
pendent of each other. In this case the resulting mean sc^uare fluctua- 
tion current is if -f- This rule is similar to tlio addition of a.c.\s 

of different frequencies, (c) The fluctuations are i)artly correlated. 
This case is obviously a combination of cases (a) and (6). Two partly 
correlated fluctuations may each be split uj) into one part completely 
correlated with a corresponding part of the other one and a second part 
noncorrelated to any part of the second one. 

Fluctuating currents or voltages are often considered within a rela- 
tively narrow frequency interval A/ centered round a frequency / such 
that A/ <$C/. In this case the dependen(‘e of the fluctuating quantity 
upon time is in some w^ays similar to a singly })eriodic alternating quan- 
tity. The amiflitude is not constant, however, but shows fluctuations 
of average period 1/A/, whereas the average frequency of oscillation 
coincides with /. By way of example, Figure 35 shows the actual 
registration of a fluctuation current in the case that A/ is approximately 
//14. 

References: 118 , 176 ^ 2 /^ 7 , 266 , 291 ^. 
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Fig. 35 Representation of spontaneous fluctuations corresponding to a frequency 
interval A/ approximately equal to of its average frequency, round which it is 

centered. 


n.1.2. Noise due to diodes and to resistances. One of the simplest 
known sources of noise is an electronic high-vacuum diode tube, which, 
under appropriate conditions of operation, produces a noise closely 
linked to tliat in an ohmic resistance. 

11.1.21. Noise of high- vacuum electronic diodes. Consider part of 
an emitting cathode surface of unit area. The numbe^r of electrons 
emitted thermionically during a time interval io is 7?. If this number is 
measured over and over again each time during an equal interval to 
we obtain the average value fi of n. The fluctuation n — ii may be 
determined simultaneously and its mean square value {n — 7l)^ 
calculated. If the single events of electronic emission are completely 
independent, we obtain the relation: 

{71 — 77)^ = n (IL1.21a) 

from the theory of probability. This relationship is in agreement 
with experimental evidence. The electric; charge (emitted on the average 
during to is fie and the corresponding mean emission current Ic is ne/to^ 
the individual corresponding values being tic and /<, = 7ie/to. Using 
Eq. {a)j we may deduce; the; mean sejuare fluctuation of emission current: 

2 2 

= (/, - If = - nf = n~='- h. (II.1.216) 

In electronic applications we are, however, interested in the manifesta- 
tion of these spontaneous fluctuations of electronic emission in (‘ircuits 
connected to the terminals of the tube under consideration. Taking 
a diode as the simplest type of tube, these manifestations may be widely 
different under different conditions of operation. The sirnph^st case 
arises if the cathode and anode are both parallel planes of such area 
that relatively small contributions to the electronic current result from 
electrode regions near the edges. Furthermore, the anode voltage is 
supposed to be so high that all emitted electrons reach the anode and 
that the interelectrode field strength is uniform. Uonnecting anode 
and cathode by an outer lead of practically zero impedance, each electron 
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traveling from cathode to anode will cause a current pulse in the lead 
of the shape shown in Figure 30, the electronic transit time being r. 
If the intervals to of Eq. (b) are 
largo compared to r, the cur- 
rent fluctuation in the outer 
short-circuit lead is exactly 
given by Eq. (5). If, how^- 
ever, to is comparable to or 


Fkj. 36 Induced current 
pulbe in a short-circuit 
connection of two parallel 
plane electrodes cause<l by 
an eh'ctron passing from 
the cathode to the anode 
under a uniformly accel- 
erating field. 

even smaller than r, the mean square current fluctuation in the outer 
lead may be much smaller than the value of Eep (5). 

The fluctuation currents under discussion contain components cor- 
responding to all frequencies. It is useful to consider the mean square 
value connected with an interval A/, centered round a frequency /. 
The time interval 2to corresponds to 1/A/, and hence w’c obtain from 
p:q. (6): 

i; = 2c/cAf, (IT 1.21c) 

If / is such that 27 r/r = oir is small compared to unity, Eq. (c) gives 
also the fluctuation current i in the outer lead; but if cor is comparable 
to unity, we have: 

^ =^(7(a)T), (IL1.21d) 

the function G being shown in Figure 37. The effect of these fluctuations 
ill an outer lead having appreciable impedance may be found by assum- 
ing a constant -current generator of infinite internal impedance supplying 
the current ? of Eq. (d). Parallel to this generator are the interelectrode 
impedance Za and the outer lead’s impedance Z (Fig. 38). 




Fig. 37 Represontatiou of the func- 
tion (r of eq. (1 1. 1.2 Id) corresponding 
to the decline of induced fluctuation 
currentb as dependent on wt (hori- 
zontal scale). 
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If the conditions of operation of the diode are less simple, the fluctua- 
tions in the outer lead bear a more intricate relation to the emission 
fluctuations of Eq. (c). Generally: 

? = ?,Fe, (11. 1.21c) 

the multiplier Fg varying according to the conditions described and 
the nnode current /« being substituted for Ig in Eq. (c). 

As will be shown in the next section, the fluctuations of a diode in the 
exponential region of operation correspond exactly to those of its in- 
ternal resistance R at half the cathode tem- 
perature Tg. In the space-charge limited region 
of operation this noise representation retains 
its validity if the multiplier 0.5 is replaced by 
0.04 (references ^88 and 3J1). Thus Fg may be 
evaluated from: 

= (II. 1.21/) 

elaR 

the multii)lier ag being 0.5 or 0.()4 as mentioned 
and K representing Boltzmann’s constant (see 
Eq. 11. 1.22a). In the exponential region of op- 
eration Fg works out to be unity, while its value 
is between about 0.01 and 0.04 in most of the 
space-charge limited region. At saturation Fg 
is again unity. Thus the space charge in front of the cathode acts as an 
efficient threshold passing on only a small fraction of the initial fluctua- 
tions of the emission current. 

References: IJfl , 233 , 247 , 261 , 288 , 302 , 311 , 362 , 376 . 

n.1.22. Noise of ohmic resistances. If in the plane diode considered 
in the preceding section the effective anode voltage — V a is negative 
with respect to the cathode, the anode is reached only by those electrons 
wiiose motional energy of emission is equal to or larger than eVa. 
Hence the anode current la is smaller than the emission current Ig, the 
relation being: 

where K denotes Boltzmann’s constant (1.38 X 10~^^ joule per degree 



! T T 

Fig. 38 Uopresontation 
of a diode as a source of 
spontaneous fluctuations 
by a current generator of 
infinite internal imped- 
ance supplying the cur- 
rent i, shunted to th(‘ 
diode’s interelectrode im- 
pedance Zd and the outer 
impedance Z. 
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Kelvin) and T the cathode^s temperature expressed in degrees Kelvin 
(zero C. = 273 Kelvin). The value KT is the average effective mo- 
tional energy of emitted electrons. From Eq. (a) we may easily 
calculate the current increment corresponding to a relatively small 
voltage increment: 


dig ^ 

dVg"" KT 


(II.1.22b) 


R being the intorelectrode resistance due to electrons at small transit 
times compared to the inverse frequency in question : ojt 1 (see 
Eq. (II.1.2W)and Fig. 37). 

We may suppose an ohmic resistance to consist of a conglomeration 
of minute diodes, both electrodes of each being at equal temperatures. 
Spontaneous voltages arise between the electrodes of each diode, caus- 
ing a local flow of electrons one way or the other. Suppose that in 
one particular diode the voltage Vg i^ such that all electrons emitted 
by the electrode of lower voltage reach the other electrode whereas in 
the opposite direction emission is governed by Eq. (a). The resistance 
offered by this diode to the flow of current is given by Kq. (6), as the 
resistance associated with the current flow in the opposite direction 
is infinite and hence may be disregarded for our purpos(\ On the aver- 
age, the current in eitlier direction is of e(]ual amount, the mean square 
fluctuation current being doubled if compared vith the diode of the 
preceding section, having a thennionic cathode and a cold anode. Thus 
the total mean square fluctuation current for one diode is: 

?= AelgAf. (II. 1.22c) 

In order to obtain the corresponding mean square fluctuation voltage 
we use the equations tr — R'^r and (c), and substitute the value 
of Eq. (6) for one multiplier R, The resulting values are: 

— — AKl" 

V- = 4KTRAI e = A/. (II.1.22(/) 

it 


The same reasoning may be applied to all miniature diodes of the 
actual resistance, thus obtaining the Eqs. {d) for the open-circuit 
mean square fluctuation voltage and for the short-circuit mean 
square fluctuation current of any ohmic resistance of R ohms. Such 
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a resistance may be replaced, as far as spontaneous fluctuations are 
considered, by a voltage generator of voltage v in series with a resist- 
ance R (the generator being of zero internal impedance) or by a current 
generator of current i and of infinite internal impedance acting in parallel 
to a resistance R, The available noise power of a resistance is, by 
Eq. (d): 

Pa = KTAf. (11.1.22c) 

At 20° C\ the value of XT' is almost exactly 4.0 X 10“^^ joule. 
References: 17S, 247, 376, 390. 

n.1.3. Noise due to multi-element tubes and to networks. The noise 
in these more complex cases may be deduced from that in the two 
simple elements considered above: the diode and the ohmic resistance. 

IL1.31. Noise due to triodes. The simplest of these tubes is the 
triode consisting of a cathode, a grid, and an anode placed in consecutive 
ordiT. By the combined action of anode and grid voltages with respect 
to the cathode, part of the emitted electrons are drawn toward the 
former ek\*tro(les. We may replace the (*athode-grid space by an 
eciuivalent dio(l(', the anode of which is situated in the grid plane and 
has a voltage calculable from the combined action of grid and anode' 
voltages. In reception triodes the grid is often given a negative and 
tlie anode a positive steady voltage for the purpose of preventing the 
grid from intercepting electrons (as far as possible). On these steady 
voltage's relatively small alternating voltages arc often superimposeel. 
We are ])rimarily ce)ncemed with the action e)f these latter ve)lt?iges on 
the elect ronie* stream in the' tube. An alternating e'emipone'iit arises 
in this elee'tronic e'urre'iit from pre)ve)ked local variations oi electremic 
elensity as well as of e'le'ct ronie vele)city. If these alte'rnating voltages 
are suffie*iently small, the re'sulting a.c.'s will be proi)e)rtional to them. 
The alternating e'lectronic current in the space between cathode and 
grid causes a corresponding alternating current in the outer circuit 
connecting the electrodes by induction of image charges on them. The 
screening action of the grid partly prevents the formation of image 
charges on the anode by these electrons, and we may assume approxi- 
mately that no a.c. is caused by them in the outer circuit connecting 
grid and anode. C'onversely, the electronic a.c. in the grid-anode 
space (‘auses a corresponding a.c. in the out('r circuit connecting these 
electrodes and only a relatively small a.c. in the grid-cathode circuit. 
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These simple notions may be directly applied to fluctuation currents. 
As was shown at the end of section II. 1.12 and in Figure 35, these 
currents are similar to a.c.’s under appropriate conditions. The effect 
of electronic fluctuation currents on the outer circuits attached to the 
electrodes of a triode may be ascribed to two current generators of 
infinite internal impedance, one active between cathode and grid and 
the other between grid and anode. The interelectrode impedances 
between each pair of consecutive electrodes are in parallel to the outer 



Fi(}. 89 Spontaneous fluctuations of a tiiode lopresented by two spontaneous cur- 
leiit generators and /o of infinite internal impedances and active between cathode 
and grid and betw'een grid and anode respectively, shunted to the interelectrode 
impedances and Z,-> as well as to the out(‘r impialances Zi and Z>. The 
current geiKTator Li coriesponds to the transadrnittance from gnd to anode 
multiplied by the lluct nation voltage active between cathode and grid. In an ideal 
triode all three currents ii, lo, and ?3 are completely correlated. 

impedances and to the current generators. Thus we (detain the picture 
of Figure 39. The two fluctuation currents ?i and lo t)f the generators 
are completely correlated in an ideal triode in which all the electrons 
are passed by the grid of sufficiently negative steady voltage and in 
which no sourctvs of fliuduations except the cathode exist. 

The current generator supplying the current active between grid 
and anode in Figure 39 is due to the action of the fluctuation voltages 
of grid and anode with n'spect to the cathode. These voltages are 
again assumed correlated to /‘i and to ioy and so is 73 . Definite phase 
relations exist betweiui /j, 72 ? and regarded as a.c.^s in a relatively 
small frecpiency interval A/ centered around /. 

The magnitude of /f is given by Eqs. (II. 1.21c) and (II. 1.21c) in 
which Ic is to be replaced by the average anode current /« in the case of a 
negatively biased grid capturing practically no electrons. The magni- 
tude of /2 approximately (apial to at frequencies below^ GOO mc/s in 
most triodes, but ij is i*etarded with re.spect Ia) /j by a phase angle 



62 


SPONTANEOUS FLUCTUATION NOISE 


approximately given by fcori + fa>T2, if ri and r2 represent the elec- 
tronic transit times from cathode to grid and from grid to anode respec- 
tively. The frequency interval A/ under consideration is centered 
round the angular frequency co. The value of ^3 is equal to viY if v\ is the 
effective fluctuation voltage acting between cathode and grid and if Y 
represent‘d the complex transadmittance from grid to anode. By in- 
sertion of these values the fluctuations caused by a triode in any outer 
circuits connected to its electrodes may readily be evaluated. 

References: 12 , 21 9 ^ 262 

II.1.32. Noise due to multi-element tubes. The simplest extension 
of the triode is a tetrode. The steady electrode voltages are often: 
control grid (adjacent to cathode) negative, screen grid (adjacent 
to anode) positive, and anode positive uith respect to the cathode. 
A new source of fluctuations aris(‘s at the screen grid, as there being 
an element of chance in its intercepting an electron out of the stream 
or not. This element of chance corresponds to an electronic fluctuation 
current starting from the screen and passing on to the anode. This 
^^partition” fluctuation current causes a correlated fluctuation cur- 
rent in the outer circuit conru'cting scieen and anode, and may be 
ascribed to a current geneiator of infinite^ internal impedance active 
bet^\een those tvo ('k'ctiodes. The partition fluctuations are un- 
corrclated to the cathode’s emission flu(‘t nations. Thus a tetrode may 
be represented liy figure 10. The interelectrode impedances 
Z,2, and Z^3 are in parallel to the outer impedances Zi, Z2, and Z3 
attached to the electrodes and to th(' completely correlated current 
generators zi, u, and The current generators ^4 and are also 
assumed correlated to q, i>, and Z{, and are due to the combined 
action of correlated electrode voltages on the electronic stream. Finally, 
iQ represents the uncorrelatc'd partition fluctuation current. 

Another extension is recjuired by secondary emission. If an electronic 
stream hits an electrode at considerable speed, the latter starts emitting 
electrons on its own. This plKuiomenon is indicated by secondary 
emission. It entails fluctuations, uncorrelated to those of the impinging 
stream. Thus a tube incorporating a cathode, one grid, a secondary 
target, and an anode may be dealt with like the tube of Figure 40, the 
secondary target replacing the screen grid and representing the 
uncorrelated secondary fluctuation current. By combination the 
reader may now easily build up for himself the fluctuation picture 
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of a tube comprising a cathode, a control grid, a screen grid, a secondary 
target, and an anode such as those applied in some commercial tubes. 
Obviously Figures 39 and 40 may be considered as a repetition of 
Figure 38 applied several times over. 

Besides preconceived secondary emission we often find this kind 
of emission with eh'ctrodes hit by fast electrons such as anodes and 
screen grids, and in these cases it must be considered detrimental. 



Fio. 40 Extension of tlie representation ol Fiji; . 5^) to a tetrode, / 1, ?i>, and 13 being 
completely intereorrcdated tluet nation eui rents m the ideal case The currents 
and ?5 are also asuined coii’elated to m, 02, and / {. The cuiTent m corresponds to 
the transadinittanec' from the first control giid to th(‘ subserpKnit positive electrodes 
together, multiplied by the fluctuation volt.age active between cathode and control 
grid. The current ?5 con-esponds to tlu* tiansadrnittance from the control grid to 
the anode multiplied by the said fluctuation voltagi*, added to thi‘ tiansadrnittance 
from screen grid to anode multiplied by the fluctuation \oltage active between screen 
and cathode. The current /(, is completelv uncoi udated to the other currents and 
represents the partition fluctuations betweiai screen and anodi' The three inter- 
electrode impedances are represimted by Z,i, Zii and while the outer circuit 
siiiint impedances ai’e Zi, Z2, and Z3. 


The secondary electrons an' mostly emitted witli speeds corresponding 
to a few volts (i.e., to the speed imparted to an eh'ctron on a parcourse 
of a few volts potential differen(*e). Such electrons leave the target 
and then often encounU'r an electric fi(‘ld tending to reverse their 
original direction of motion. After compkding a roundabout path 
in this field the secondary electrons are ri'i'aptun'd by the target. The 
spontaneous fluctuations of the secondary (di'ctronic emission give 
rise to the induction of corresponding fluctuation currents in an outer 
circuit connecting the target and adjacent electrodes; these fluctuations 
are uncorrelated to those of the primary impinging (dectronic stream. 
They may occur with diodes and multi-element tubes and may increase 
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the resulting mean square fluctuations in outer circuits considerably. 
With diodes their occurrence may often be prevented by keeping 
instantaneous anode voltages below, say, 5 volts, thus preventing 
secondary emission. 

In the case of a tetrode with a negatively biased control grid and i2 
have the same values as and i2 in the case of a triode in the preceding 
section, only replacing the average anode current la by the sum of the 
average anode current la and the screen grid (current I2 of the tetrode. 
The magnitude of is smaller than that of 21 and ?2 in the proportion of 
la to la + l2- The mutual phase angle of i\ and 72 is the same as for a 
triode. The phase retardation of 73 with respect to 7*2 is aj^proximately 
-|wr2 + if t 2 is the electronic transit time from control grid to 
screen grid and T3 the transit time from screen grid to anode. The 
positive bias voltages of the latter electrodes are assumed to differ rela- 
tively little. The above relations are approximately valid for most 
tetrodes below about 600 mc/s. The fluctuation current 74 is equal to 
viY if vi is the effective fluctuation voltage active between cathode and 
grid. The complex transadmittance Y is active between the control 
grid and a substitute electrode replacing the screen and capturing all 
electrons. This substitute electrode is to he given an appropriate posi- 
tive bias voltage in order to simulate the com))ined action of tlie actual 
screen and anode on the electronic stream. The magnitude of 75 bears 
to 74 the ratio of la to + l y- It is retarded with respect to 74 by an 
angle approximately equal to the retarding angle of 73 with respect to 72. 

Finally the magnitude of 70 is given by: 

~(i = (II. 1 . 32 a) 

J2 "T Ja 

Its phase angle is immaterial as it is uncorrelated to ?i, 7*2, 73, 74 and 7*5, 
which are assumed completely correlated among themselves. 

References: 55 , 219 , 2 J^ 7 , 312 , 319 , 377 . 

II.1.33. Noise due to networks and resonant circuits. In any network 
only the resistive elements are sources of spontaneous fluctuation power. 
This may be inferred from the fact that such power is dependent on 
temperature and only dissipative elements may absorb heat energy 
from the surrounding medium and convert part of it into fluctuation 
power. By this law it is a simple matter to evaluate the fluctuation 
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currents in any network containing resistances and reactances, the 
different resistance elements being allowed to have different tempera- 
tures. As a simple example we consider two resistances Ri and R 2 at 
temperatures Ti and with their terminals connected together. 
Making use of current generators, the total mean square fluctuation 
current flowing through the parallel arrangement of both resistances is 
(the individual fluctuations of the resistances being uncorrelated): 


ii + 12 


4KT^Af 4:KT2Af 

Ri R2 ' 


and hence the fluctuation voltage generated at the terminals of the 
arrangement is: 




This expression assumes a simple value if Ti = 
have: 



)■ 

Then we 


= AKTRAf, 


R denoting the composite resistance of the parallel connection. The 
available noise power is KTAf as in the case of a single resistance, as 
was predictable by this result being independent of the comi)osition 
of the resistance under consideration. 

In a more complex network it is convenient to make use of the notion 
of (jmn connected with a four-terminal network or ‘Tour-pole.’^ In 
Figure 41 a resistance R with terminals and 2' is connected to 
a general network containing resistances, reactances, and electronic 
tubes, current and voltage variations being so small that proportionality 
very nearly exists between them. This is usually expressed by saying 
that the network is very nearly ^flinear.^^ The available power P 
between F and 2' is translated by the four-pole to an available power 
Po betw(vn 8 and 4, the ratio of both being the ‘‘gain’^ g of the 
four-pole from its terminals 1, 2 to its output terminals 3, 4. Thus: 
Po = gP- If no sources of power are included in the four-pole — i.e., 
no electronic tubes — g is cither less than or equal to unity. Between 
3 and 4 an impedance Zo exists, looking into the four-pole, its real part 
being R^,. The open-circuit voltage between 3, 4 equivalent to the 
power P is then, by section II. 1.11: 

? = = 4RogP = 4RogKTAf. 
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This voltage is due to the fluctuations generated by the resistance 
at a temperature T. A particularly simple result arises if the four- 
pole contains neither tubes nor resistances but only reactances. In 
this case we have fy = I, and hence the fluctuation voltage at the 
output is equal to the voltage corresponding to the real part Ro of the 
output impedance Zo at a temperature T. If the network contains 
only reactances and several n^sistances at equal temperature, the 
above reasoning may be applied to ('ach resistance in turn, the available 


f 

R 

L 


Fkj. 42 Resonant circuit consisting 
of an inductance L in series with a re- 
sistance R shunted to a capacitance C. 
The output terminals are 3,4; the input 
terminals of the four-pole of Fig. 41 
correspond to 1,2. 

output power l:)eeoming Po = (jtP + 02^ + • • • , (/i, P2, etc., being 
the gains from the resistances to the output terminals 3 , 4 and P de- 
noting the available power KTAf of each resistance. The sum gi + 
(72 + <73 + * • ■ being unity, we obtain the result that the available 
output fluctuation power ih: Po = KTAf and the open-circuit fluctuation 
voltage equivalent to that of the real part Ro of the output impedance 
Zo. We may also argue that Po = KTAf for any source at temperature 
Ty and hence, necessarily, (/i + (72 + (7.3 + • • • = 1 . 

A particular application will bo made to a resonant circuit shown in 
Figure 42 . We want to obtain the open-circuit fluctuation voltage 
at the terminals 3 , 4 due to R at a tcjmperatuni 1 \ L being an inductance 
and C a capacitance. By Eq. (a) we should evaluate Roy which is: 

p ^ 

" + {\ - 

and then: = iRoKTAf. It is sometimes useful to have the value 


Fig. 41 Picture of a resistance R con- 
nected to the input terminals of a four- 
pole. 


Four- 

Pole 
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of \/t;2 corresponding to a resistance of R (kiloohms) at a temperature 
of 300° Kelvin and at different frequency intervals A/ (expressed in kc/s) 
at hand. This aim is served by Figure 43 
References: 66 , 118, 247, 390. 



Fig 43 R.m s *^pontaiieous fluct\iation voltapje (vortical scilc) in microvolts as 
dependent on the corresponding resistaiu t R e\f)iessed in kiloohms (horizontal scale) 
causing the said fluctuations, the cui\ es coi responding to different frequency intervals 

A/ expressed in kc s 

II. 2 Noise Haiio vnd Noise Figure 

The spontaneous fluctuation noise in reecdvers is hardly important 
in itself but quite important in relation to tli(‘ signal under consideration. 
Tliis comparison involves some useful notions. 

n.2.1. Definitions. The discussion starts with the basic definitions 
and their interpretation. 

n.2.11. Definition of noise ratio. In the subsequent definitions use 
is made of a linear four-pole as an agent (see Fig. 41). A source of 
signal power and a source ol noise power are attached to the input 
terminals. Besides, the four-pole itself contains sources of noise but 
no sources of signal. We consider the available noise power Pno and 
the available signal power P^o at the output terminals 3 and 4 Their 
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ratio Pno/Pso is indicated as the available noise ratio at the output. 
Ihis ratio may easily be measured by short-circuiting the terminals 
3 and 4. The mean square noise current through this short connection 
being ii and the square of the modulus of the r.m.s. signal current 
J'lj we have: 



(II.2.11rO 


The proof of this relation may be based on section II.l.ll. The real 
part of the impedance Zo measured at the output looking into the 
terminals 3, 4 being Ro we have • P no ?o X \Zo\~/4:R„ and P SO 

I‘i\Zo\‘^/4iRo by Eq. (II. 1.11c). From this, F^q. (a) above follows 
directly. Similarly, if vio Fs the open-circuit mean s(|uart‘ noise 
voltage between the output terminals 3, 4 and Vi the stiuare of the 
modulus of the r.m.s. open-circuit signal voltage, the available noise 
ratio is: 

^ o 

The available noise power Pno at the output is obtained by adding 
two components. The first one is the available noise power Py^i of 
the input source multiplied by th(i gain g from input to outjiut. The 
s(‘Cond one is du(‘ to the noivse sources inside the four-pole. Both 
fluctuation noises are in general entirely uncorrelated. As the available 
signal [lower at th(i output is obtained by multiplication of the 
available* signal power Py,i at the input by {/, the available* neiise ratio 
at the emtput is in general larger than and under extremely favorable 
conelitions (if the four-pole contributes no noise) equal to the available 
neiise ratio at the input. 

The above definitions apply einly tei a frequency interval A/ sucii 
that the gain g is e'einstant threiughout its range. If breiader intervals 
are considen'd, some additional notions are necessary. In most recep- 
tion four-poles, g is o})timal at a dehnitci frequency or within a definite 
frequency interval, its value then being go. Let its valuer at some 
other frecjuency be g. The effective band width B to be substituted 
instead of A/ into the relevant formulas is then found from: 



(II.2.116) 
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while the effective gain r/, is: 

1 

g df =: Qo. (II.2.11r) 

Using those expressions and B instead of g and A/, we may apply 
the above and the subsequent formulas to any four-pole of known 
gain-fre(piency curve. 

References: 127, 224, 250, 263, 264, 

II.2.12. First definition of noise figure. Several definitions have 
been given of noise figures. We shall discuss two of them here, giving 
their interrelation; preference will be given in this book to the second 
one. The first definition, published almost simultaneously by inde- 
pendent sources in the United States and in Britain in 1944 (references 
127, 224), starts from the available noise ratios at the output and at the 
input of a four-pole. The ratio of these ratios — i.e., output over input — 
is called “noise figure f’” of the four-pole. Thus: 

• (II.2.12a) 

m/ ^ St 

In the simplest case the four-pole may consist only of short through- 
connections between its terminals 1 and 3 as well as between 2 and 4. 
In this case we have obviously U = 1. Another simple case arises if 
the four-})ole contains exclusively passive reactances. As there are 
no noise soiii’ces inside the four-pole, we obtain also the value unity 
for F. 

A case of s])ecial interest arises if two four-poles, of individual noise 
figures Fi and Fo and gains f/j and go, are connected in cascade — i.e., 
with the output terminals of the first one attached to the input terminals 
of the second one. For the exact definitions of Ui, Fo. f/i, and g^. 
n'ffa'ence is mad(‘ to the rehwant observations pcadainiiig to the noise 
figures A’l, AU and associated gains below. The noise figure of the 
combination, n^garded as oik' single four-pole, is called F. The gain 
(j of the combination is: g = By the definition of Eq. (a), tho 

available output noise power of a four-pole is: 

Pno = FgP,,, = ^X~XgX PnU 
^ Jll * so 

the ratio Psi/Pso being 1 Oj. The available noise output power due to 
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the input source being gPnU component due to the four-pole is 
(F — \)gPni- Thus, in our cascade case we have: 

Pno = PigmPni + (F2 - ^)g2Pni = PgmPni- 

Hence: 

Fo ~ 1 

F = Fi +-^ (II.2.126) 

gi 

This process may obviously be extended to more than two four-poles 
connected in cascade. 

References: 55, 127 , 22 ^, 250 , 263 , 26 J ^. 


n.2.13. Second definition of noise figure. The second definition of 
noise figure, known sinc^e about^ 1939 (reference's 119, 197), starts again 
from the available output noise ratio. We then determine the available 
input signal power nec^essary to make this available noise ratio equal to 
unity. This signal power is thereupon divided by KTB, T being the 
room temperature (e.g., 290° Kelvin) and B the effective band width in 
the sense mentioned in the preceding section. The resulting figure is 
called the noise figure N of the four-pole. At first sight this definition 
secerns slightly more involved than the preceding one, but a little con- 
sideration will show that it is in fact eciually simple. Expressed by 
a formula, we have: 


Pno __ Pno P^ _ Pno/Pso 

gKTB “ KTB ^ l\o ” KTBiP.i ' 


(II.2.13a) 


this noise figure being thus a direct measure for the available output 
noise power, (k)mparing E(is. (II. 2.13a) and (11.2. 12a) indicates 
that the only difference is the substiUition of KTB in the former equation 
for Pni in the latter equation. Now, if the input noise sourc.e is at 
room temperature T, this substitution means no alteration at all, 
Pni being then equal to KTB by Eq. (II.1.22e). But if the input 
noise source is at a different temperature 1\, we obtain from the two 
equations mentioned: 

N = yF- (II.2.136) 


Thus N may in this case be larger or smaller than F. The practical 
value of N resides chiefly in its being a direct measure for the available 
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output noise power transferred to the input. As we shall see in later 
sections, it may be used as a measure of sensitivity of the four-pole 
in question, sensitivity being determined by the smallest available 
input signal value still receivable without being drowned in the noise 
level. 

As in the case of F, we shall now consider two four-poles connected 
in cascade and of individual noise figures Ni and N2 respectively. 
These individual noise figures and the associated gains have to be 
defined carefully. Both four-poles are connected in cascade and the 
signal source is connected to the input of the first one. The individual 
gains are to be obtained under these particular conditions, as gains 
do in general depend on the impedance (connected to the input terminals 
of the four-poles as well as on their own structures. The noise figure 
N2 is to be obtained using a signal source at its input of impedance 
equal to the output impedance of the first four-pole in the sequence 
at a noise temperature equal to that of the source at the input of this 
first four-pole. The gain g2 has to be obtained using a signal source 
of similar impedance at the input terminals of the second four-pole. 
The available noise powers at the outputs of the first and second four- 
poles while in cascade connection being Pnoi and Pno2> we require an 
available signal power: 

at the input of the second four-pole while in cascade connection in 
order to make the available noise ratio at its output equal to unity. 
This signal power is equivalent to: 

p ('■= " f )'''™ p 

(/i! 72 !/i <j\ 

at the input of the first four-polo. Upon division by KTB we obtain 
the noise figure N of the comlunation. Insertion of A’l for P„oi/giKTB 
according to the definition yields; 


A’2 - 


Ti 

T 


fiTl 


A’ = A', -h 


( 11 . 2 . 13 c) 
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A value unity of N corresponds to a four-pole containing exclusively 
passive reactances combined with an input source of temperature T. 

References: 119, 127, 197, 224, 250, 263, 264^ 

11.2.2* Properties of noise ratio and of noise figure. The importance 
of the notions of noise ratio and noise figure introduced in the preceding 
seeti(Rjs resides mainly in their properties, which are closely connected 
witli numerous practical applications. 

II.2.21. Properties corresponding to a single stage. We consider a 
four-pole of available output noise power Pno and gain g, its noise 
figure N being given by Eq. (1 1. 2. 13a). To this four-pole, feedback 
is applied, th(‘ uncorrelated additional noise sources (if any) introduced 
by the feedback circuit being disregarded. Feedback is to be such 
that a fraction a of the available^ output power is fed ])ack to the input. 
This may be achieved by connecting a second four-pole of gain a be- 
tween the output and input pairs of terminiils of the original four-pole. 
The nois(‘ figuix' of this s(‘Cond four-pol(‘ connected to a source of room 
temperatur(‘ T is then assumc'd to be unity or very nearly so. Let the 
available' noise output power without feedback be Pn(» Then a source 
of available noise power Pno ^(1 may be connected to the input terminals 
of the four-pole, from which in itself all noise sources are now removed. 
The resulting available noise power at the output is the same as it 
was originally, i.('., Pno- Applying feedback to the noise-free four- 
pole alt('rs its gain but has no effect upon the source of available noises 
po\\('r Pyxolg connected to its input terminals. Similarly, the input 
signal source of available power Pso/f/ remains unaltered by feedback. 
At the output of the four-pole, including feedback, the noise ratio is 
Pno ^P 80 Rs it was without h'odback, and the noise figure remains also 
unaltered. This result is expressed as: 

Property A: If feedback is so applied to a four-pole that the effects of the 
additional noise sources of the feedback circuit are negligible, the noise 
figure of the circuit including feedback is equal to the original noise figure 
of the four-pole without feedback. 

Adh(*ring to the al:)Ove example of an additional four-pole used as 
a means of feedback, the conditions of property A are satisfied if this 
four-pol(‘ contains exclusively passive reactances. 

Coupling of the signal (and noise) source to the input of a four-pole 
may be so chosen that the resulting noise figure attains a minimum 
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value. When this is achieved and feedback according to property A 
is applied to the four-pole, the noise figure remains unaltered. By its 
definition, this noise figure is dependent on the impedance of the signal 
source presented to the input terminals. Hence this impedance remains 
unaltered by the feedback and so does the coupling coefficient. This 
may be expressed as: 

Property B: If coupling between the signal source and the input of a 
four-pole is chosen so as to correspond to a niinimuni noise figure ^ the 
most favorable coupling coefficient remains unaltered by feedback ac- 
cording to property A. 

It may be well to state that coupling corresponding to maximum 
gain is in gen(‘ral aff(H*t(Ml by feedback, but such coupling does not as 
a rul(' correspond to minimum noise figure. 

Refkrences: J6',9, J^OI . 

IL2.22. Properties corresponding to a combination of stages. AV(' 
now consider a 2(/-t(a’minal device, having one pair of input terminals 
and (j — 1 pairs of output terminals. This may be regarded as — 1 
sei)arate four-poles with their input terminals connected in parallel 
Each of these four-poles has its own noise figure, of which one is assumed 
to be the lowest. We apply feedba(‘k from the output of this particular 
four-pole to its input, according to property A. This feedback i^ 
assumed to be such that a very large gain figure of the four-pole in 
(pu'stion results and is indicated as ^hieaiiy critical feedback,” critical 
fe(\lback corresponding to an infinitely large gain, to which our “linear” 
theory does not apply. By fliis nearly critical feedback the available 
noise power at the output as well as at the input of this particular 
four-pole is incixaxsed to such a high level as to drown eompletely the 
available noise power from any other sourecb at the input terminals. 
The same reasoning applic‘s to the available signal power. Hence the 
noise ratios at the outi)uts of all the other four-poles become nearly 
(‘qual to that of the selected one and so do the noise figures. Thus we 
are led to; 

Property C: By applying nearly critical feedback from the output of lowest 
noise figure to the input of a 2q-‘terminal stage^ the noise figures corre- 
sponding to all the other outputs may be made to approach that of the 
o utput mentioned fi rst. 
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In the discussion leading up to property C no correlation was assumed 
between the noise powers at the separate output pairs of terminals of 
the 2g-terminal stage. In special cases of practical interest such 
correlation does exist. We shall assume, for simplicity, complete 
correlation between the noise at two pairs of output terminals. By 
proper feedback from one of these pairs to the input an additional 
noihO may be created at the other output pair of terminals, being exactly 
counterphase to the original noise, and thus extinguishing the noise 
at these output terminals completely. Making the further assumption 
that by this feedback the signal power at the latter output terminals 
is not extinguished simultaneously, the noise figure corresponding to 
it may be made zero. Thus we obtain the 

Property D: If the n-oise at two pairs of output terminals belonging to a 
2q-‘terminal device is amipletely correlated, feedback rnay be applied 
from one of these pairs to the input so that the noise at the other pair is 
extinguished. If by this feedback the signal at the latter pair i^ not 
extinguished simultaneously, its corresponding noise figure becomes zero. 


Assuming two successive four-poles connected in cascade, having 
the individual noise figures A^i, A’o, and the gains gi, go, we apply 
feedback from the output of the first stage to its input. By this feed- 
back, if properly chosen, the gain gi is increased to g[, and if critical 
feedback is approached g[ is very much higher than gi. In this case the 
noise figure of the combination of four-poles becomes, instead of the 
value given by Eq, (II.2.13c): 


N' = Ni + 





Thus a decrease of over-all noise figure may be obtained; this is ex- 
pressed by: 


Property E: By applying nearly critical feedback from the output of the 
first of two successive four-poles to its input the over-all noise figure may 
be made to approach that of the first four-pole. 

References: 365, 396, Ifil. 


II.2.3. Applications. Though the main applications of the preceding 
definitions and properties to reception stages will be dealt with in 
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chapter VI, some simple applications of an introductory character 
are useful here by way of illustration, 
n.2.31. Noise figures of four-poles consisting of single impedances. 

For th(^ calculation of noise figures the composition of two sources of 
imcorrelated power, either in series or in parallel connection, is often 
required. Assuming two sources of available powers Po and Pi, their 
impedances being and Zi with the real parts Ro and Pi, we shall 
first connect them in series. The resulting available power is: 


P = 


Po 


Pi 


+ 




(II.2.31a) 


If they arc connected in parallel we obtain a resulting available power: 

P 5^. + • (II.2.316) 


1 + 


!h 

Ro 




1 + 




1^ 


These equations are simple deductions from the rules mentioned in 
sections II. 1.11 and 12. It is noteworthy that tlie sums of Eqs. {a) 
and (6) both yield P — Po if Po = Pi, independently of the impedance 
values. Now consider a four-pole as shown in Figure 44, the im- 
pedance Zi, or rather its real part, being at a temperature Pi. If we 
connect a source of available signal power P* and impedance Zq at 
a temperature To to the terminals 1, 2 the resulting available signal 
power at the terminals 3, 4 is: 


PsOl 


Ps 


1 + 


Pi 

Po 


whence gi = 


1 



Zo 


1 -f- “ 



Ro\ 

Zi 



(II.2.31r) 


Eq. (5) gives us the available noise power at the terminals 3, 4 if the 
source is connected to 1, 2. Hence the noise figure .Vi becomes: 

12 


!h 

^ T r R, 


1 + 


Ri 


(II.2.31d) 


This noise figure attains its lowest value if the ratio Ri/Ro\Zo/Zi\^ in 
the numerator is decreased and made to approach zero. A high value 
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of \Zi\ is obviously favorable to this aim. If Zi is a tank circuit, as 
shown in Figure 42, the value of |Zi | at the resonant frequency for which 
o)‘^LC = 1 is: Zi = L/CR, and this is the highest value of \Zi\ obtain- 
able, the impedance being in this case purely real. If tlu', frequency 
interval A/ under consideration is centered around this resonant fre- 
quency we obtain the lowest noise figure of the four-pole under dis- 
cussion. Any detuning by which A/ is centered round a frequcaicy off 
resonance entails an increase in noise figure Aq. 

o- f o 

^ I ^ 

Zi 

) T ^ 

Fic. 41 Four-pole con- Fio. 45 Four-j)olo con- 
sisting of a single shunt sisting of a single series 

impedance. imj)edance. 

Another simple four-pole is shown in Figun' 45, th(‘ impedance Zj 
being at a temperature 7^2. Its gain may be obtained by reasoning 
lik(‘ that ajiplied above, a signal source of available power and 
impedance Zo at 1, 2 causing an available signal power at the output 
terminals 3, 4: 



Psg2 


1 + 


Ro 


whence (j 2 = 


1 


ih 


By application of Eq. (e) we obtain the availa])le noise power at the 
output and thence the noise figure: 


1 + ^^ 

,, To , 7’2 ^ Ro 

^^=T+T—: 


1 + 


R2 


(II.2.310 


This noise figure attains its lowest value if RojRo is made to approach 
zero. If the two four-poles of Figures 44 and 45 are connected in 
cascade, the output terminals 3, 4 of the network of Figure 44 being 
attach(id to the input tc^rminals 1, 2 of the network of Figure 45, the 
resistance Ro in Eq. (c) has to be replaced by the real part R of Z^ this 
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b(4ng the parallel connection of Zq and Zi. Thus: 


li 

and; 


Ro 


% 


2 + 


Ri 

l^il" 




ZoZi 


Zo + Zi 


> hence = 


R„\Zi\^ + Ri Zo\ 
lZo + Zil‘^ 


iV' = — " + ^ 
^ T T 


^ , R2\Zo Zi 

2 

" ' Ro\Z,\ 

" + Rx\Zo\‘' 

R„ Zx 

1 + 

+ Ri 

7 2 


(11.2.31/) 


By application of Eq. (II.2.13r) the noise figure N of the cascade 
connection results directly from Eqs. fll.2.31/, d) and (c): 


N^2 - 

N = Ni + 

Qi 


Ti 

T 


II.2.32. Noise figures of electronic tubes. The noise power attached 
to an im[)(Hiance was in the pna'oding section given an arbitrary temper- 
ature. By this artifice the noise of diodes as showm in P'igure 38 may 
])e treated as tlie noises caused ))y the resistive part of tlie diode’s 
impedance Za at a properly 
chosen temperature Ta. This 
will w^ork out w'('ll as long as the 
rc'histive part is of positive sign 
wdii(‘h is not ahvays the case 
at ext reme-high fre(]uencies. As 
more complicat(‘d tubes such as 
t nodes and multi-element tubes 
may be dealt with as a succes- 
sion of diodes (s('e Figs. 39 and 
to), this procedure may also be 
a])plied to them subject to a sim- 
ilar restriction. Due account 
should, however, be taken of correlation wdiich causes a number of altera- 
tions to the pattern set \ip in the preceding section. Thus in an ideal tri- 
ode all three fluctuation currents ii, loy and ?3 of Figure 39 are completely 
correlated. Considering the input circuit of a triode amplifier stage, 
we o))tain the picture of Pdgure 40, in which represents the impedance 
of thi^ input signal source, Zj th(' impedance t)f the input tank circuit, 



P^io. 40 Circuit corresponding to two 
shunt impedance^ Zo and Z\ shunted to 
the control ginl and cathod(‘ terminals of 
a triode, the intereU‘ctrode impedance 
being Z»i. The interelectrode impedance 
between grid and ano<le is Z ,2 . 
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and Zti the impedance marked equally in Figure 39 between cathode 
and grid. The section of this picture between the terminals 1, 2 and 
3, 4 may obviously be dealt with as a succession of two four- poles as 
shown in Figure 44. The further triode is contained in the four-pole 
between the terminals 3, 4 and 5, 6; this network is extremely simple, 
containing only one impedance Zt 2 and thus being equivalent to the 
four-pole of Figure 45. The entire problem may therefore be treated 
in three simple steps. The only new feature resides in the complete 
correlation between the noise powers corresponding to and to Z{ 2 . 

Considering a scries connection of two completely intercorrelated 
sources of power of impedances Zn and Zi 2 , their real parts being 
Rii and Ri2 and of voltages V and aV exp (j(p), a being a positive 
number and <p a phase angle of positive or negative sign, the resulting 
available power is: 

P _ |F-I(l + + 2« 1 + 

4(l?ti + Ri2) . , 

Rn 

if Pi IS the available power associated with the first source mentioned. 
This equation may be readily applied to the composition of the four- 

pole with terminals 1^, 2', and 3, 4 and the 
four-pole with terminals 3, 4 and 5, 6 in Fig- 
ure 46. After this, the (‘omposition with the 
further four-pole of terminals 1, 2 and l', 2' 
may follow the lines indicated in the preced- 
ing section, as only uncorrelated noise powers 
are to be composed in this case (see sections 
VI. 1. 12, VL1.22 and Figs. 150 and 153). 

As an example of a six-terminal device we 
consider a tetrode (Fig. 47). The complete 
amplifier tube acts between the input ter- 
minals 1, 2 and the output terminals 3, 4. 
An auxiliary pair of terminals 5, 6 is con- 
nected to cathode and screen grid. If 
we disregard all fluctuations except those 
due to current partition (corresponding to in Fig. 40), the re- 
sulting fluctuations at the pair of terminals 3, 4 are completely cor- 
related to those at the pair 5, 6. We may apply feedback from 
5, 6 to 1, 2 and discuss the effect at 3, 4. According to the argument 



Fig. 47 Example of six- 
terminal network repre- 
sented by a tetrode, the in- 
put terminals being 1,2 and 
the two pairs of output ter- 
minals 3, 4 and 5, 6 re- 
spectively. 
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preceding property D of section II.2.22, the correlated fluctuations at 
3 , 4 may be completely extinguished by such feedback. The crucial 
question is whether the signal would be extinguished simultaneously 
by this procedure. From Figure 40 it is obvious that the partition 
fluctuation current fg flows counterpha.se (phase difference tt) if viewed 
from the screen grid and from the anode respectively. On the other 
hand, the signal currents resulting from the input terminals I, 2 gen- 
erally have in-phase components to screen and anode (similar to the 
currents u and (5 of Fig. 40). Hence if the feedback is such that the 
partition fluctuation current to the screen is extinguished, the signal 
current to the anode is reinforced. Thus the noise figure completely 
correlated to partition fluctuations may be reduced to zero by applica- 
tion of such feedback. An entirely .similar argument may be applied 
to fluctuations caused by secondary electronic emission. 

References: 197, 365, 367, 370, 372, 396, m, -iOS. 
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ANTENNAS 

Antennas are the eyes for electromagnetic waves. Th(^y capture 
part of the specific power of those waves and make this captured power 
available at their terminals. The following discussion of their main 
properties has the aim of enabling the reader to construct an antenna 
suitable to his purpose. 

IILl. Reception Antennas as Sources of Power 

It is of fundamental importance to realize the concept of reception 
antennas as sources of power, signal power as well as noise power. 
The present sections are devoted to the elaboration of this concept. 

III.l.l. Essential characteristics of reception antennas. This con- 
cept is closely related to the essential characteristics of reception 
antennas; these will be dealt with below. 

III. 1.11. Dipole antennas. If the complete system — incorporating 
the transmitting antenna with its two input terminals, the reception 
antenna with its pair of output terminals, and the intervening medium 
through which propagation takes place — is viewed, it may obviously 
be compared with a four-pole having such twin pairs of terminals. 
Under certain restrictions as to signal strength this four-poki is V(iry 
nearly linear^ i.e., a.c.'s at its output are proportional to alt(Tnating 
voltages at its input. A further restriction will be placed on I he m(‘dium 
of propagation, excluding the effects of steady magnetic; fuTls on ionic- 
layer properties (discussed in section 1.1.41) which cause the s})littiiig 
up into ordinary and extraordinary rays. The latter exclusion seems 
to be serious inasmuch as these effects are frequently present in long- 
distance transmission. However, as the theorem to be based on it 
is mainly applied to hypothetical antennas for the purposes of deduc- 
tion, its eff(;cts arc in reality far less serious than would af)pear at first 
sight. Under these rcistrictions the four-pole mentioned is symmetric ^ 
its gain being equal in either direction if identical antennas are used at 

80 
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both ends. This is one way of expressing the reciprocity theorem of 
antennas (references 56 ^ 62 Ji), 

The cnix of the present application of this reciprocity theorem is 
to assume one of the two antennas under consideration to be extremely 
simple. The simplest antenna known is the so-called dipole antenna, 
consisting of a straight wire with two suitable plates forming capaciti(\s 
at its ends, all dimensions being extremely small compared to one- 
quarter of a wavelength in the vsurrounding m(‘dium. If this antenna 
is int(‘rrupted at its center and an alternating voltage is applied to its 
resulting terminals, the alternating current along the wire is of ap- 
proximately uniform strength. If this r.m.s. current is 7^;, the electric- 
field strt'ngth E in the ecpiatorial plane at a distance r, large compared 
to the wavelength, is: 


E = 



(Ill.l.lle) 


I being the dipole^s length and X the wavelength in the surrounding 
medium, assumed to be air. In a direction including an angle 0 with 
the dipole’s axis w^e have: Eq — E sin O. The electric-field strength 
is of cours(‘ polarized in a plane through the dipole’s axis and is tangent 
to a sphere centered at the dipole’s center. From these tw^o eejuations 
w^e may easily obtain the total powxT radiated by the dipole: 

J nv 7/2 ri 

' sin 0 — — dQ = SOir^ w'atts, (III. 1.116) 

0 1207r X“ 


using the expression (1.1.1 Ir) for the specific pow'er p of a plane w^ave. 
Equaling this powx^r P to lilinh ^ve obtain the radiation resistance lEd 
of a dipole antenna in vacuum or air: 

f 

Rrd = S0ir- -r (III.l.lL) 

X"" 


In case that the surrounding medium is of dielectric coefficient €, this 
expression must be multiplied by 1/Ve, X then btang the w’avelength 
in this medium (section 1.1.23). If a dipole is placed in a plane w^ave 
of polarization parallel to the dipole’s axis and of electric-field strength 
Ej the dipole being tuned to the angular frequency oj of the incident 
wave (i.e., X LC — 1, L and C being the dipole’s inductance and 
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capacitance), a current I will flow in the dipole, given by: 



(Ill.l.lld) 


Expressing E by Pr, using Eqs. (a) and {h) we obtain: 


/ = 


V45/^ I 
r Rrd 


References: 56, 310, 324. 


(Ill.l.lk) 


in.1.12. Application of reciprocity theorem. Now the dipole trans- 
mitting antenna is replaced by a different antenna emitting radiation 
of equal polarization, the resulting electric-field strength depending 
on the elevation angle 0 and on the azimuthal angle <p by the function 
x(0,ip), this function being unity, if 0 = 7r/2 and (p = 0. Assuming 
the squares of the resulting field strengths due to a dipole and to this 
transmitting antenna to have the ratio 1 cjr in the optimal direction, if 
total radiated powers are equal, we obtain: 

sin'^ 0^/0 dip 

^ (III. 1.12a) 

I I {x(0, J^iu 0 

Jo Jo 



this quantity being indicated as the radiation gain of the antenna 
over a dipole. This gain figure may be expressed in db. 

The current induced in a tuned dipole rece})tion antenna oriented 
in the plane of polarization and perpendicular to the radial distance 
r from the transmitting antenna (r ^ X) is: 


I 


V45f/rP 

r 


J_ 

Erd 


x^0, ‘p), 


(III.1.12/;) 


P being the power radiated by the latter antenna. Expressing the 
power P by the voltage V at the input terminals of the transmitting 
antenna, of impedance = /?r + ./A%, we obtain: 


P = 



Pr, 
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and thus Eq. (6) may be transcribed: 


I I 1' v45:b, I 


(IIL1.12C) 


We are now ready to apply the reciprocity theorem. Referring to 
Figure 48, the case considered in Eqs. (b) and (c) is pictured in the 
diagram marked a. In the diagram marked b the antennas are the 
same and of equal mutual position but the voltage T" is applied to the 
tuned dipole antenna’s input terminals now acting as a transmitter, 



Fio. 48 Picture of a reception and a tianhinihbion antenna suitable for the applica- 
tion of the reciprocity theorem, the r.m s. currents and voltages being I and V 

respectively. 

and the current / is measured at the short-circuited terminals of the 
second antenna now used for reception. By this theorem, Eq. (c) 
applies equally as well to Figure 4Sb as to Figure 48a. Thus we have 
olitained the short-circuit output current I of an almost arbitrary 
reception antenna expressed in terms of the tuned transmitting dipole’s 
input voltage^ V. We may still go one step further and express I in 
terms of the electric-field strength E created by the transmitting dipole 
at the n'ception antenna. Using Eq. (III. 1.1 la) and expressing Id 
in terms of V as follows: Id = V/Krdy we obtain: 

and hence, by Eq. (III. 1.12c) and using l/VR^a — X/(irV80): 

x(e,^). (III.1.12e) 

The directional sensitivity is obviously described by the same angular 


|E [ X j ffdtr 

\zjw\ 80 
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radiation function x as the transmitted field strength created at a great 
distance by the same antenna used for transmitting purposes. In 
short, we may say: the radiation diagrams of an antenna used for 
reception or transmission are equal. Thus important deductions 
may be derived from the application of reciprocity. 

References: 45, 56, 60, 188, 810. 


III.1.13. Expressions of antenna characteristics. As mentioned 
above, a reception antenna may be considered as a source of power, and 
its characteristics as such will now be derived from the preceding 
expressions. In Eq. (III.1.12e) the current in a short-circuit con- 
nection of the antenna’s output terminals was given. At the same 
time it is known that an impedance Zr exists between these terminals 
if determined by means of an impedance-measuring device (see chapter 
V). This situation has already been discussed in section II. 1.11. 
We may replace the reception antenna at its terminals by a constant- 
current generator of infinite internal impedance, generating the current 
lo and acting in paralhil to an impedance Zr. Any outer impedance 
has to be paralleled to Zr. The available power of this source is 

p _ \h\^\Zr\\ 

la (III.1.13<x) 


An equivalent representation of the reception antenna at its terminals 
is, according to section II.l.ll, by a constant-voltage generator of 
zero internal impedance gcaierating a voltage \ Va\ = \lo^r\ and acting 
in series with the impedance Zr. Any outer impedance has to be 
connected in series with both voltage generator and Zr. The available 
power, expressed by is: 


Pa = 



(IIL1.136) 


The current lo is given in Eq. (III. 1.12c). By moans of this latter 
equation and of the general expression p » |^’|^/1207r for the specific 
power of the incident plane waves (sec section 1.1.11) we obtain: 

Pa = (III. 1.13c) 


In the case of a dipole reception antenna: gr — I, and if the incident 
waves arrive from the direction of optimum sensitivity: x = E We 
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may ascribe the available power Pa at the antenna's terminals to a 
surface area Sc effective in capturing power from the incident wave 
system. I'his effective area is, by Eq. (c) : 

Se = |-XW. (111.1.13d) 

In the case of a dipole, when = 1 = X, this area is thus approximately 
equal to a square of face X/2.9. At one single frequency the antenna's 
characteristics may thus be completely expressed by the ratio of its 
available power to the specific power p of the incident waves and by 
the complex impedance Zr = Rr + j^r at its terminals. The ratio is 
the antenna's effective surface area Sc as given by Eq. (d). It is 
dctei-mined by the incident wavelength X, the antenna's gain (jr (see 
Eq. III.1.12(/), and its angular radiation function x (or angular direc- 
tivity). 

We shall now consider a frequency range of given band width. At 
a givim value of incident specific power p the above characteristics 
are (k'pcaident on frequency as far as are the impedance Zr and the 
effective' area The latter eiuantity is dependent on frequency by 
the three multipliers X, f/r, and x being so dependent. In most cases 
the reception antenna will be oriented in such a way as to have x = 
and in such cases the fn'quency dependence of Se is due to the two 
multipliers X and (jr. This frequency dependence, a characteristic 
peculiar to the antenna under discussion, will be considered in section 
111.2 for some' types of reception antennas. As soon as the frequency 
characteristics are known it is possible to evaluate the antenna's be- 
havior throughout a fn'ciuency range of given width by an appropriate 
averaging })rocess. 

Refeiienc'ks: 9 , 116 , 128 , 310 , 406 . 

IIL1.2. Noise of reception antennas. In order to bring our discussion 
of antennas in line with the noise considerations of chapter II, we shall 
now d(‘al with th(' available noise power, from several causes, at the 
antenna's terminals. 

IIL1.21. Noise power captured. We shall first suppose the reception 
cantenna to be situated inside an enclosure of dimensions large compared 
to the wav('longths under consideration. This enclosure is at a uniform 
temperature Ta and the radiation inside its walls is so-called ^ff)Iack-' 
body" radiation at equilibrium at that temperature. These physical 
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conditions are rarely met exactly in practical cases, but they make 
discussion easy and the effect of deviations from them will be discussed 

subsequently. The enclosure is pictured in 
Figure 49. If a small element of solid angle 
A r is drawn from this antenna, the element 
of specific power Ap incident on the antenna 
in a frequency interval A/ centered round a 
frequency / corresponding to a wavelength 
X in the medium of the enclosure is, by radi- 
ation statistics: 



2KT 

Ap=:— ^A/AF. (III. 1.21a) 


Fig. 49 Reception anteniin 
in an enclosure the walls of 
which are at a unifonn tem- 
perature and omit black- 
body radiation. Cone of 
solid angle AT. 


We recognize hero upon division of Ap by 
Af X AT the specific power per unit of fre- 
quency and of solid angle already used in 
sc'ction 1.1.44 as specific power pkea per 
kc s and per radian of solid angle. If this 
element Ap of specific powc^r impiiig(‘s upon an antenna of angular 
din^ctivity x and gain (/r, the rcvsiilting element AFa of available power 
at the antenna’s terminals is, by Eq. (III. 1 . 13c) : 


APa = ^ XVx* = 

OTT X NtT 


(IIL1.216) 


The multiplier ^ of Ap is due to the antenna’s being assumed to be of 
linear polarization. The incident radiation has random polarization, 
and its component, polarized in the plane containing the antenna’s 
direction of polarization, lias only half of the total incident specific 
power. As the element AT of solid angle is ecjual to: AT = sin 0 dO 
we obtain an available power Fna upon integration over all elements 
AT of: 


I\a = Kd\, ^ (J^ 

OTT 




sin B dS dip. 


Using the value resulting from Eq. (III. 1.12a) for the above integral, 
the value of Pna works out as: 

Pna = KTaAf. (III.1.21c) 

Thus this available power corresponding to a frequency interval Af 
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is exactly the same as that corresponding to a resistance at a temperature 
Ta according to Eq. (11.1.226). The resistance at the antenna^s termi- 
nals being the radiation resistance /?r, this result may be expressed by 
saying that under the present conditions the radiation resistance Rr 
at the antenna’s terminals provides an available noise power Pna 
corresponding to the temperature Ta of equilibrium of the surrounding 
enclosure. 

Under actual operating conditions the enclosure mentioned does 
not always exist. If the reception antenna is installed in the open, 
the earth’s surface and parts of the reflecting ionospheric layers act 
as walls of an enclosure, but the temperature of these walls is not 
uniform nor do their characteristics coincide with conditions necessary 
for black-body radiation as was assumed in the above derivation. 
Hence, though Eq. (c) may still be used, the value of Ta to be inserted 
is somewhat doubtful and will often be an average of temperatures of 
surrounding objects on the earth’s surface and of the ionosphere. At 
extreme-short waves highly directive antennas are often used, thus 
confining the received radiation to a relatively small solid angk^ centered 
round the direction of optimum reception. Under such conditions 
it is obvious that the effective temperature of distant ol)j('cts within 
that solid angle determines the value of Ta in Eq. (c). In particular, 
if Af is centered round a frequency above 30 rnc s, the ionospheric 
layers are hardly reflective and hence, if the antenna’s optimum direc- 
tion points toward the sky, a very low value of only slightly above 
zero, would be expected. This expectation ha^ in many respects been 
borne out by experiments at frequencies of 300 to 30,000 me s. But 
at frequencies betwc'cn 20 and 300 me s the experiments have reveak'd 
that extremely high valiuxs of Ta have to be associated with particular 
directions of the sky pointing toward the Milky Way. \’alues of 
10,000 to 15,000 degrees were found at about 20 rnc s. Obviously 
radiation issuing from the region of the galactic agglomeration of stars 
is the cause of these phenomena (see section 1.1.44 and references 175, 
291, 292). Ac’cording to recent investigations the temperature men- 
tioned is about 15,000° Kelvin at 40 mc/s, about 0000° Kelvin at GO 
mc/s and about 2100° at 90 mc/s (refereii(*e 400) above the temperature, 
associated with reception noise corresponding to other regions of the 
sky. 

When highly directive reception antennas (parabolic reflector type) 
at frequencies between 3000 and 30,000 me ^s were pointed toward 
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the sun’s disk, temperatures Ta of about 20,000® C. were found experi- 
mentally (reference 3^9). This temperature coincides with the value 
usually associated with the sun’s surface by astronomers at these fre- 
quencies (reference 231). At lower frequencies, much higher effective 
temperatures of the sun’s disk were derived theoretically (reference 
231) and confirmed experimentally (reference 271)^ about a million 
degrees occurring at 200 mc/s. 

References: U, 48, 157, t63, 166, 175, 231, 270, 271, 291, 292, 329, 

400. 


IIL1.22. Noise ratio and noise figures. As with other two- and 
four-terminal networks, a noise ratio as well as a noise figure may bo 
assigned to a reception antenna. The antenna’s noise ratio is the 
ratio of available noise power to available signal power at its terminals. 
The available noise power Pna being given by Eq. (IIL1.21r) and the 
available signal power Pa by Eq. (III.l.l3o), we obtain for the noise 
ratio the expression: 


Pna KTaAf 



(III.1.22a) 


p being the specific power of the incident signal radiation. This noise 
ratio obviously depends on the band width Af under consideration, as 
well as on the fnHjuency round which Af is centered and on the antenna’s 
characteristics expressed by (jr and x^- From Eep (a) we may conclude 
that a high value of radiation gain gr is favorable to a low noise ratio, 
this being inversely proportional to Qr- Making use of Eq. (III. 1.1 3d), 
we may say that the noise ratio is inversely proportional to the product 
of incident specific signal power and of the antenna’s effective area *SV: 


P,a _ KTgAf 
P a P^e 


(III. 1.22/;) 


In the case of a dipole reception antenna. Sc is proportional to and 
hence the noise ratio is directly proportional to the square of the fre- 
quency round which Af is centered. 

The noise figure of an antenna may be obtained by making the 
available signal power Pa = pSe of F.q. (b) equal to the available noise 
power and then dividing the resulting available signal power by KPB, 
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where T represents the room temperature. Thus we find: 

i\r = y (111.1.22c) 

for tho antonna^s noise figure. We shall adhere mainly to this definition 
in the course of the present book. Obviously this noise figure does 
not depend directly on the antenna's characteristics (gain and direc- 
tivity), but only on the effective temperature Ta of the noise radiation 
captured. Inasmuch as this temperature depends on these character- 
istics, the noise figure N does so. 

A difh'rent definition has been proposed for the noise figure of a 
reception antenna, starting from the concept of the complete system 
between the input tenriinals of the transmitting antenna and the out- 
put terminals of th(‘ KHM'ption antenna regarded as a four-pole. In 
tliis case the signal generator has to be connected to the input terminals 
of the transmitting aiitcaina, the signal strength at these terminals 
being adjusted until a value of unity is obtained for the noise ratio 
of Eq. (/)). If the ratio of available signal po\\er at the reception 
antenna’s terminaU to tlu^ available signal pow('r at the transmitting 
antenna’s input terminals is 1 A (A being the power attenuation), we 
would obtain a value AT^jT instead of E(j. (c) for the noise figure of 
a reception antenna. By the use of this definition the characteristics 
of transmitting as well as of reception antennas are directly involved 
in the noise figure. 

References: 44, ^'^ 7 ^ 128 , 267 . 

III.2. Characti:ristkvs of Special Reception Antennas 

In ord(‘r to judge the suitability of a reception antenna for a definite 
purpose its characteristics, radiation gain Qr and angular directivity 
X, must be known. "Jliese characteristics will now’ be discussed for 
certain types of freciuent application. 

IIL2.1. Wire antennas. The antennas belonging to this type are 
based on the use of wares as main elements, a w’ire being in general an 
object of which one dimension largely exceeds the others. 

IIL2.11. Single-wire antennas. The most popular reception an- 
tenna consists of a single straight w’ire, interrupted at a suitable 
place so as to obtain a pair of output terminals. We shall assume 
that the total length of the antenna is 21 and that the interruption is 
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at the center of its length. The two ensuing terminals are supposed 
to be at a mutual distance, very small in comparison with one-quarter 
wavelength in the surrounding medium. The cross-section is assumed 
to be uniform, circular, and of radius a. With the antenna's charac- 
teristics the quantity U = 2 \n {21/ a), where In is the Napierian log- 
arithm, plays an important part. The ratio 21/a is suppose 1 to be 

Se 



Fir,. 50 Foprc^ontation of the ofToctivo reception area Sc multii)]ie(l by 27r and 
divided by (cos times being the angle included by the electric-field strength 
and a plane fixed by the direction of propagation and the antenna’s axis and X the 
wavelength in air Horizontal scale: Ratio of I (half the antenna’s length) to 

21 

the wave length. Curves for different values of U = 2 In — (referentv 194). 

a 

such that U obtains a value above, say, 10. The direction of propaga- 
tion of waves includes an angle 7r/2 — O with the wir(‘’s axis. The 
electric-field strength of the waves, being perpendicular to their direc- 
tion of propagation, is assumed to include an angle with the plane 
fixed by the direction and the wind’s axis. 

The antenna is completidy characterized by the available power Pa 
and by the impedance Zr at its terminals. By Eqs. (111.1.13c) and 
(c?) the available power is: 

Pa = VSe, (III.2.11a) 

p being the specific power of the incident signal waves and Se the 
antenna's effective area. Because of the circular symmetry round 
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the antenna's axis, Se does not depend on the azimuthal angle <p in 
a plane perpendicular to the wire, but it does depend on the angles 
0 and t?. The latter dependence is simple, Se containing the multiplier 
(cos and no other function of t?. In the case 0 = 0, i.e., for 
incident waves propagated perpendicularly to the antenna's axis, the 




SeW^) 



Fid. 51 Square root of ratio of cfTective reception area Sf. at an angle of incidence 
O to Sc at 0 = 0 as dependent on © (horizontal scale) if t' = 10 (see Fig. 50). 

I 

Curves for dilTerent values of ratio — (reference 194) ■ 

X 


value of *S^/(cos is shown in Figure 50 for four different values of U. 
From Figure 50 we may conclude that an antenna of total length 2Z, 
equal to about 1.25 wavelengths, has an optimum value of effective 
area under the conditions quoted. If the direction of arrival includes 
an angle with the antenna's axis, the effective area is altered con- 
siderably, as is shown by Figures 51 and 52, giving the square root of 
the ratio of Se corresponding to an angle 0 to if 0 = 0, other con- 
ditions being equal. These two figures are equivalent to what may 
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be called directional-sensitivity diagrams, as their vertical scale is 
proportional to the generator voltage which may be substituted at 
the antenna’s terminals for the action of the incident waves. As 
stated above, the antenna’s impedance Zr must be known, as well as 
its available power, in order to evaluate completely its effect in reception 



Fig. 52 Similar to Fig. 51 but for f/ = oc (rct'reuco 194 )- 


circuits. This impedance Zr = Hr + j^r has a real part Rr which 
is approximately independent of [/, whereas Xr is dependent on U, 
The value of Er (sin is shown in Figure 53 as dependent on 

l/\, while Xr is shown in Figure 54 for the particular case in which 
U = 10. Figures 50 to 54 give a fairly complete picture of the charac- 
teristics of straight, center-tapped wire antennas. In all the calcula- 
tions from which these figures result, losses in the antenna wire itself 
(eddy currents) have been completely disregarded. In practice, this 
is justified only if good conductors, such as copper, are used. With 
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other conductors the available power at the terminals may be con- 
siderably less than would result from Figures 50 to 52. 

References: 28, 60, 103, 137, 147, 153, 191, 192, 194, 204, 206, 210, 
236, 337, 

Rr sin^(2irlD^ 



0 2 4 6 S 10 12 14 

-^2ny^ 

I'kj, 53 Radiation rc'^istauce of a center-tapped straight antenna as dependent un 
the ratio I (half its length) to the wavelength X. Wrtical scale represents product 

of radiation resistance AV and sin“ - (refonaice 210). 


IIL2.12. Loop antennas. The wire antennas considered in tht^ 
preceding section may be regarded as an extension of the dipole antennas 
discussed in section 1 1 1.1.11. We shall now consider loop antennas 
of dimensions that are small compared with one-quarter wavelength 
in the surrounding medium. Such loop antennas may be regarded as 
simple elements much like dipole antennas. For the sake of simple 
derivations the loop is assumed to be a square of face a, its plane in- 
cluding an angle ip with the direction of the incident waves (Fig. 55). 
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Fig. 54 Radiation reactance of a center-tapped straight wire antenna on 

I 

dependent on the ratio " (nderence 210 ). 

The incident electric-field strength E being directed parallel to faces 
nos. 1 and 2 of the square loop, no voltage will result in faces nos. 3 
and 4, as they are perpendicular to E. Lot the field strength at 1 be E. 
Then the field strength at 2 is E exp (—jkh), where k = 27r/X. The 
voltage received along 1 is (assuming the current to be uniform along 
this face) Vi = aE, and the voltage along 2 works out as: 

V 2 = aE exp ^-j ~ aE^l - j * 

Hence the resulting voltage I’o of reception is, as b — a cos </>: 

l^o| = — ^’ 2 ! = a \e\ = \E cos<io| > (III.2.12a) 

A A 

Si = indicating the loop's surface area. This result does not depend 
on the actual shape of the loop, as long as its dimensions are small as 
stated, its area being Si. 
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By running a r.m.s. current I through the four dipoles constituting 
the square loop of Figure 55 its radiation at a distance, large compared 
with its dimensions and with the wavelength, may be calculated along 
the lines carried out in section III. 1.11 for a single dipole. By integra- 
tion of the specific power resulting herefrom over a sphere of large 
radius the total average radiation power 
is obtained. Equating this to PRry we 
find the radiation resistance Rr of a loop 
antenna: 

oon^r^ 

= (Ohm). (111.2.12f0 

X 

The available reception power is, as 
usual, Pa = \ Vo['^ ^ ( ^Rr) er: 

X“ (cos<^)“ 

= p ^ X- (COSV’)" = pSe, (111.2.12c) 

OTT 

the expression /(1207r) being replaced by the s|)ecific power p of 
the incident waves according to section 1.1.11 and being the effective 
area of the reception loop antenna. This effective area is obviously 
quite comparable to that of a dipole reception antenna. 

If proper balance is maintained to keep the two terminals of the loop 
at potentials of exactly ecjual amount and opposite phase with respect 
to receiver and to earth, th(^ angular directivity expressed by cos (p may 
be useful as a means of locating the direction of a transmitter. This 
effect is sometimes used in so-called direction-finding apparatus. If 
unbalance exists, resulting in the potentials being of unequal amount 
and/or of non-opposite phase, the loop will in part act as a dipole 
reception antenna which has uniform response with respect to v?, and 
so the angular directivity will be impaired. 

References: 5, JfG, 188, 279, 317, 337. 

in.2.13. Arrays of parallel wire antennas. We shall consider arrays 
of wire antennas with their axes mutually parallel. Perhaps the 
simplest of such arrays consists of two equal wire antennas, the length 
of each being one-half wavelength, situated in one plane as shown in 
Figure 56. Suppose that a plane signal wave of polarization parallel 
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Fig .").■) Representation of 
square-loop antenna in an elec- 
tric field of strength E. 
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Fig. 56 Two parallel half- 
wave anteiinafe. 


to the antenna axes and of direction perpen- 
dicular to the plane fixed by the two anten- 
nas is incident on the array. What is the 
effective reception surface 8^2 (sec P]qs. 
111.1.13c and d) of both antennas, together 
upon in-phase addition of their generated volt- 
ages? The ratio of ^^2 corresponding to two 
antennas to Sei for two antennas, if the second 
one is removed to a great distance, is shown 
in Figure 57. Obviously a spacing d of 


about 0.7 wavelength affords optimal broadside reception condi- 


tions. By Se 2 the available recc'ption power under the conditions 



hiG. 57 Ratio of effective reception area Se 2 for two parallel half-wave antennas 
at broadside reception upon in-phase addition of their output voltages to ehectiv(‘ 
area S,i of wid(‘-gf)aci<‘d half-wave antennas. Horizontal scale: Ratio of distance 
d betwecui antennas to wavelen^ijth X (thi.s and next Figure*: relerence* 60) 
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quoted is fixed according to Eqs. (III.1.13c) and (d). The imped- 
ance Z at the terminals! of each antenna is made up of two com- 
ponents: Z = Zii — Z? 2 /Zn, where Zn is the radiation self-imped- 
ance of a single half-wave antenna according to figures 53 and 54 



Fui. ,58 Mutual inipedanco of two half-wave parallel antennas (Fig. 56) as 

dependent on the ratio - (horizontal scale). Modulus Z \2 and phase-angle (pi 2 - 
X 

(i.e., Zii — 73 + j42.5 ohms) and Z 12 is the “mutuar’ impedance of 
both antennas as shown in Figure 58. If no radiation is incident on the 
antennas and a voltage generator of V volts and zero internal 
impedance is connected to the terminals of one antenna, a current 
I = VZi2/(Z?2 - Z?,) flows in a short-circuit connection of the central 
terminals of the second antenna. From Figure 58 we may conclude that 
the relative elT(H’t of the se(‘ond antenna on reception by the first one 



08 


ANTENNAS 


is already small at a spacing of one-half wavelength and becomes 
inappreciable at or beyond one wavelength. 

Besides broadside reception by the two-antenna array of Figure 56, 
its response to waves arriving at an angle as indicated in Figure 59 
is also Intercast ing. The effective reception area Se of each antenna 
depends on the angle of incidence as well as on the ratio of the spacing 
(i to the wavelength X in the surrounding medium. Ah an example, 
Figure fiO shows the ratio of the effective area of antenna no. 1 in 
Figure 59 in the presence of the second antenna no. 2, spaced at a 



Fig. 59 Two parallel antennas 1 and 2 seen on top, toRether with incident waves W. 

distance r? = X ^8, to the effective area *SVi of antenna no. 1 if antenna 
no. 2 is removed to a large distance in dependence on the angle t? of 
incidence, for three cases: first, the self-impedance of antenna no. 2 is 
real and 73 ohms; second, this impedance is 73 — ./50 ohms; tliird, this 
impedance is 73 + ./50 ohms. The self-im])edance of antenna no. 1 
is in all three cases real and equal to 73 ohms. Obviously the second 
antenna acts as a wave director if its s(df-impedance has a negative 
reactance (capacitance in series with resistance) and as a wave reflector 
if its self-impedance has a })ositive reactance (inductance in scries 
with resistance). Tho use of several such wave directors plus one 
wave reflector may entail considerable directivity. As an example, the 
arrangement of Figure 01 has an effectives reception area as dependent 
on the angle of incidence shown in Figure 02. In the direction of 
maximum response the effective reception area in the case of Figures 
61 and 02 was about 12.5 times the area corresponding to the single 
reception antenna upon removal of the directors and reflector. 
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Fk ;. ()0 Ratio of odoctivt' leception siirfaci* of antoniia 1 of Fig. 59 m the presence 
of the cliscoiineeted antenna 2 to surface of antenna 1 \snthout antenna 2 as de- 
pendent on angle ^ of incidence according to Fig. 59. Diagram a: Reactance of 
antenna 2 i^ zero. Diagram 5; Reactance of antenna 2 is —50 ohms. Diagram c; 
Thi.s reactance is 50 ohms. Resistance of antenna 2 for all three diagrams is 73 
ohms and impedance of antenna 1 is a pure i(‘^i.stance of 73 ohms. 
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Fuj. 61 Wave-director system consisting of one approximately half-wave trans- 
mitting antenna (second from h*ft), one reflecting antenna (extreme left), and 8 
directing antennas. Wavelength is 130 cm. (Sih‘ ndi'ieiu'e S.^5) 
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Another use of several parallel half-wave reception antennas in 
order to obtain an increase of effective reception area and of angular 
directivity is to arrange them in a suitable pattern in one plane. An 



Fig. 62 Square root of (‘ITective reception area as dependent on angle of incidence 
corresponding to wave director of Fig 61 

example is shown in Figure (>3; the vertical spacing between the sepaiate 
half-wave antennas as veil as their individual length is about X 2. 
Sometimes a second aiiav ot similar design is placed at a suitable distance 



Fig. 63 Picture of an an ay of horizontal half-wave antennas suitable for reception 
as well as for transuussion purposes, with a reflector array behind it. 

behind the original array, as shown in Figure 63, in order to obtain 
reflector action. If a number q of half-wave antennas is used in one 
plane, an effective area equal to q times the area corresponding to 
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one single antenna of this type is obtained in the direction of optimum 
response, if the mutual reaction is negligible and in-phase addition of 
the reception voltages is applied. With suitable arrays of considerable 
dimensions in comparison to the wavelength the gain may also be 
estimated roughly by assuming the effective reception area Se of Eqs. 
(111.1.13c) and (d) to be approximately equal to the surface area of 
the array. The use of a suitable reflector array may raise this gain 
to almost 2q. But actually, at a spacing of X/2 between the individual 
antennas mutual reaction is not zero (see Fig. 58), and hence the gain 
is usually less. As an example, 36 half-wave antennas, each with a 
suitable reflector, are assumed to be arrange<l in a plane array, spacing 
between parallel antennas not with common axes being X/2 and spacing 
between antennas of common axes being wry small. The figures of 
the gains (jr obtained over one single half-wave antenna are tabulated: 


NUMBER OF ANTENNAS 

ALONG HORIZONTAL AXIS 

Nl MBER OF ANTENNAS 

ALONG VERTICAL AXIS 

GAIN Qr IN db 

36 : 

1 

19 7 

18 

2 

19 0 

12 

3 

18 9 

0 

4 

18 8 

6 

6 

18 7 

4 

0 

18 6 

1 

36 

1 

17 5 


'Phe gain disregarding mutual interaction would be 2q = 72 or 18.6 db 
by the first rule above; and thus this rough estimate is not far wrong 
in the present case. By the second rule above we o])tain g = 73 for 
3() antennas along the horizontal axis. Complicated arrays like this 
are, of course', used only in commercial and military communication. 

Referp:nces; 9, 00, 106, 116, 120, 151, 152, 154, 193, I 04 , 20S, 209, 255, 

300, 310, 395. 

111,2.14. Long-wire, rhombic, and V-shaped antennas. The antennas 
dealt with in the present section i\rv generally of simple design and 
therefore useful to individual as well as to commercial reception 
Straight wires vstretched either horizontally 01 at an acute angle with 
the earth's surface have been commonly used as reception antenna.s. 
The reflecting action of the earth's surface, assuming, for simpli(*ity, 
perfect reflection, is equivalent to a second wire, situated symmetrically 
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to the original one with respect to that surface. In S3anmetrically 
corresponding elements of the original and of the reflected wire the 
currents flow simultaneously in opposite directions, as indicated in 
Figure 64 (see also Fig. 12). Because of imperfect conductivity of 
the earth, losses occur, resulting in more complicated reflection effects 
and in loss of gain. When this fact was recognized, the long-wire 
antennas were duplicated by second wires (‘ausing effects similar to 



FiCi. 64 Tilted reception anten- 
na and its image witli respect to 
the earth’s surface. 


Barth 


I .11 



Kio. 65 Tai allel-\Mi e reception 
antenna, both wires being in a plane 
parallel to the earth’s surface. 
I, II, and III indicate three differ- 
ent direcdioiis of incident waves. 
Z is a matching impedance, equal to 
the antenna’s wave impedance and 
Her a receiver. 


those previously caused by the earth’s reflection when using single wires. 
We shall now discuss such combinations of long-wdre antennas, at 
first disregarding the eflect ol tlui (*arth. First, tw^o wires are assumed 
to be parallel to the earth’s surface at ecpial height and parallel to each 
other, as shown in liguix' 65. If the incident waives arrive from the 
direction denoted by 1 in hdgure 65 and are polarized j:>arallcl to the 
plane containing the two wires, a voltage is set up between them and 
a wave will travel along the pair of wires in that direction. A cor- 
responding voltage will ensue at the reception terminals, and the 
impedance connected to these terminals is supposed to be such that 
no reflection of the traveling wqivo occurs at the reception end. This 
particular impedance is usually indicated as the w^ave or surge impedance 
of the pair of parallel \vires (it will bo dealt with fully in chapter IV). 
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If the incident waves arrive from the direction marked II in Figure 65, 
they will set up a voltage at the terminals of the impedance Z, which 
is again chosen to be equal to the said wave impedance. Thus no 
reflection occurs at Z and practically no voltage results from the waves 



Fia. 66 Square root of effective reception area of antenna of Fifi (>0 a*^ dependent 
on angle of incidence ^ of incoming waves. Diagrams o, h, and r correspond to 

I = \y I — 5X, and I = lOX respectively, Z of Fig. (io being equal to the antenna’s 

wave imf)edance. 

II at the reception end. Hence the wave-antenna, as this de^dce is 
often called, is unidirectional. The effective reception area Se is 
dependent on the angle i? included ludweeii the direction of the in- 
coming waves III (Fig. 65) and the wires, assuming the direction of 
incidence to be in the plane of the wires. Some relative values of 

are shown in Figure 66 for different ratios of the wire length 
I to the wavelength X. 
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An increase in gain may be obtained by the use of so-called rhombic 
antennas, as shown in Figure 67. The main difference with respect 
to the parallel-wire antennas is that the ends are now brought close 
togethei, the terminal impedances being again so chosen as to avoid 
reflection. With the antennas of Figures ()5 and 07 the influence of 
the soil underneath the antenna on angular directivity and gain is 
very marked and may be discussed using the principles of section 1.1.22. 
As an example, a rhombic antenna of 180 m over-all length and 50 m 

greatest width was stretched on four poles 
at 18 m height alcove the earth. At 
17 m wavelength the gain gr was about 
15 db (or 32). At wavelengths of 20 m 
and of 36 m the gain was even larger. 

In a number of cases arrays of rhombic 
antennas are used for commercial long- 
distance reception. Thus at Cooling, 
Kent, England, 16 rhombic antennas are 
spaced at regular intervals ov(ir a distance 
of two miles along the great circle toward 
a transmitting station of New Jersey, 
r.S.A., and usc^d since 1942 for reception 
on five frequencies between 5 and 20 
mc/s. By combining the signals from 
the individual antennas with suitable 
phase shifts the direction and major lobe of optimal response can 
be varied in the vertical plane. The system is e(}uipped and cali- 
brated to measure the angles of inciden(‘e of the inc'oming signals and 
their corresponding field strengths (reference 25 Ji). Cain of parallel-wire 
antennas is usually smaller if they are of the same haigth as rhombic 
antenn:is. An important advantage of both types is the usefulness of 
one siiigl(‘ antenna throughout a wide range of wavelengths (e.g., 15 to 
65 m) without readjustments of antenna or terminal impedances. 

If a rhombic antenna is halved, we obtain a V-shaped antenna. 
Because of the termination by a suitable impedance at the reception 
end only, reflection of traveling waves takes place at the open end and 
causes rec^eption of incident waves from two opposite directions. In 
order to avoid reception from one of these directions a second V-antenna 
spaced suitably with respect to the first one and acting as a reflector 
may be used. If compared with a rhombic; antenna, such a double 


— — 9 p 


Earth 

7 



Fi(i. 1)7 Rhombic reception 
antenna of length I stretched 
parallel to the earth’s surface. Z 
is eiiual to wave impedance of 
antenna and Rcc indicates the 
receiver position. 
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V-antenna offers several disadvantages (cost, frequency range, gain, 
directivity), and hence this type has been seldom used. 

References: 40, 41 y 07, 12G, 136, 148, 173, 204y 254y 282, 300, 

ni.2.2. Surface antennas. The antennas to be dealt with under 
the present heading Jire different from wire antennas in that the dimen- 
sions of their surfaces are all of comparable size, ^fhese antennas an^ 
suitable for extremely short weaves, their dimensions being often com- 
parable t-o or larger than the wavelength in the surrounding medium. 

III.2.21. Parabolic reflectors. Two types of parabolic n^flectors have 
been used extensively: cylindrical surfaces of parabolic shape and 
parabolic surfaces of revolution, in the cylindrical surfaces the ant(uma 
(half-wave or dipole type) is coaxial with tjie cylindf‘T and situated 
at the focus of the parabola, d'he axial length is usually about two 
wavelengths, greater lengths being unfavorable to gain and to angular 
directivity on account of the secondary lobes then ari>ing in the angular 
directive pattern in a plane containing the antenna. If the reflector 
measured at its open end is broad in comparison to the wavelength, the 
effective reception area 8^ of the (mtire arrangement, in(*orporating 
a dipole or a half-wave antenna at the focus of th(^ parabola, correspond- 
ing to the most favorable direction, is roughly (Hiual to the surface*, 
area of the open end of the refU'ctor. In applying tliis approximate 
rule it is assumed that no radiation reaches the reception dipole or 
half-wave antenna directly, as this might, by unfavorable phase rela- 
tionships, cancel part of the reflected radiation reaching this antenna 
by way of the reflector surface. A simple means for achieving this 
aim is the use of a properly tuned reflector antenna 2 as shown in 
Figure 08. Another possibility is t he use of a subsidiary small (‘ylindrical 
reflecting surface instc^ad of this reflector antenna. Some examples 
of actual and of cidculated gains (jr by the above rule have been collected 
for parabolic reflectors of two wavciengths lieight, and of different 
widths b, using a suitable reflector antenna: 


6/X 

AC’TCAL GAIN 

i 

! 

(’ VLCULATED GAIN 

2 

12 

11 

4 

23 

22 

6 

33 

33 

8 

44 

44 

10 

50 

55 
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In these calculations an effective height of 1.3 X (X/2) was assumed, the 
theoretical effective area Sc and gain being thus: 

‘S’. = 1-3 ^ ^ and = || = 1.3 ^ j • (III.2.21a) 

Stt 

Though this assumed height may seem somewhat arbitrary, it does 
not seem unreasonable. In some eases two parallel planes are added on 
both ends of the cylindri(‘al surface and perpendicular to the latter, 
resulting in a more favorable radiation pattern. 

Instead of a parabolic reflector of cylindrical shape made out of 
plate material, suitably galvanized to insure sufficient surface con- 
ductivity for a coefficient of reflection near 
unity, separate rods placed along a parabolic cir- 
cumference are also used. If their mutual dis- 
tance apart docs not exceed one-half wavelength, 
the effect of such a rodtype reflector is similar 
to that of a full parabolic cylindrical surface. 

Whereas the cylindrical parabola produces 
angular directivity mainly in a plane perpen- 
dicular to its axis, angular directivity in two 
mutually perpendicular planes may be achieved 
by the use of a reflector shaped as a parabolic 
surface of revolution. The optimal gain figures 
of such n^flectors may again be approximately 
obtained from the surface area Se correspond- 
ing to their open end by the application of 
the equation: 

ffr = ^ • (III.2.215) 

A(*tual gain figures are mostly much less than this, sometimes by 
because of wave-interference effects. The application of a re- 
flector antenna or of a relatively small reflecting surface of revolution 
similar to Figure 68 may increase the actual gain figure. In a plane 
perpendicular to the dipole or half-wave antenna the main lobe of the 
directive diagram has an opening angle, given approximately by 140X/6 
degrees empirically, b being the diameter of the open end of the re- 



Fig. 68 Picture of a 
reflector shaped as a para- 
bolic cylindrical surface 
with a reception antenna 
1 at its focus and a re- 
flector antenna 2. 
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fleeter. (See eqs. III.3.22c and d by which this angle would be 57 X 
2X/6.) In a plane perpendicular to this one the corresponding opening 
angle has approximately twice this value. 

References: 70, 85^ 255 ^ 267, 329, 393, 406, 

ni.2.22. Antennas consisting of cones and horns. For several pur- 
poses such as \vide-band reception and extremely short waves the 
reflector antennas of the preceding section are less suitable, and there- 
fore different means of reception have been devised. As this section 
cannot give an exhaustive description of all the types of antennas 
suitable to achieve these aims, only a few examples will be given. 
All of these have evolved from a 
single prototype consisting of two 
metallic coaxial cones, the tops of 
which nearly coincide. 

One such construction is repre- 
sented in Figure 69. This antenna 
is obviously similar to a half-wave 
antenna, except that the two parts 
are here conc^s instead of relatively thin cylinders. Its reception 
properties are also similar to those of a half-wave antenna, the gain 
being approximately 1.1, if the angle Go determining the cones’ shape 
(Fig. 69) is small compared with 7r/2. An important difference resides 
in its frequency response, which is wider than with a cylindrical half- 
wave antenna (see section III.3.12). Thus antenna^ of this type are 
particularly useful in television reception, and rec'eption from several 
adjacent stations not too widely spaced, by means of a single antenna. 
Besides conical surfaces, other shai)es have also been tried successfully. 
For example, two ellipsoids of revolution instead of the two cones of 
Figure 69, or two parts of hyperbolical surface^ of revolution, may be 
cited. Their reception properties are similar to those of the biconical 
antenna of Figure 69. 

If the flare angle Go i« increased, a solid angle is included between 
the two conical vsurfaces, symmetrical with respect to the axis. An- 
tennas of this shape have been proposed for television and wide-band 
transmission purposes, as power radiation is in a plane perpendicular 
to the axis and toward all sides, if this axis is vertical. For reception 
purposes this all-sidedness is of little use, and so two more plane surfaces 
through the center may be added so as to obtain a horn-shaped antenna 
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(Fig. 70a). The boundary surfaces consist of parts of two cones and 
of parts of two planes through the center. Similarly shaped antennas 
may be devised by deformation of the boundary surfaces. A very 
simple horn-shaped antenna is bounded by one single conical surface, 
the incident waves entering through its open end and proceeding 
toward the top. If the dimensions of the open end of the horn are 
large in comparison to the wavelength its gain may be obtained ap- 
proximately by application of Eq. (III. 2.216), the optimal effective 
surface Sc being about 80% of the open-end surface of the horn. The 

actual gain will often bo less than the 
figure thus obtained due to interference 
effects impairing the capture of the in- 
cident waves and their guidance to the 
apex of the horn where the re(‘eption de- 
vice is situated. The detailed design of 
such horn antennas — ^which are, of course, 
suitable only for extremely short waves 
in th(' dm and cm ranges — will not be 
dealt with here. In order to obtain the 
gain mentioned, a considerai)le length in 
comparison to the wavelength is neces- 
sary. This length must also be large compared with the largest lateral 
dimension of the horn’s open end — (\g., larger than 5 times the latter 
value — in order to obtain the optimal gain figure mentioned. If the 
horn is a cone its flaring angle 0o (sec Fig. ()9) should thus be smaller 
than, say, 6 degrees. Horns are sometim(‘s used in combination with 
parabolic reflectors, the horn being fitted to the end of a suitably bent 
W'ave guide and flaring toward the reflector (e.g., in radar equipment). 

Slotted pipes have also been used as antennas recently ( e.g., reference 
402 ), the slots acting as outlets for the waves propagated through the 
pipes. 

Lense action has been obtained by the application of transverse w^ave 
propagation between parallel conducting strips (see section IV. 1.3). 
By a proper choice of the mutual distance of such strips the phase- 
velocity of the w\nves is increased. If this increase is applied along a 
longer path near the edges of the lense-substitute than near the center, 
a similar wave-concentrating effect results as in optical lenses. A sim- 
ple means of obtaining this effect is showm in Fig. 706, the metal sheets 
extending further along the direction of propagation near the edges than 



Fio. 70a Horn-typ)e antenna 
connected to a r(‘ctangular wave 
guide. 



NOISE CONSIDERATIONS 


109 


near the center (reference 201). These lenses may be applied in com- 
bination with suitable horns as shown in Fig. 706. 

References: 15, 16, 17, 31, 5^, 61, 185, 201, 21J^, 310, 327, 402, 406. 



Fig. 70b Application of wave lenses consisting of parallel conducting strips of 
varying width, being smallest at the center and widening toward both ends. These 
lenses may bo applied in combination with dipole and horn antennas as shown and 
result in an increase of gain. 


IIL3. Noise, Band-Width, and Design Considerations 

From the laws and facts discussed in chapters III.l and III. 2 a 
num])er of conclusions as to actual antenna noise, to band width, and 
to antenna design may be drawn. These are dealt with below. 

ni.3.1. Noise and band-width considerations. Minimum relative 
noise level and adequate band width to accommodate the signals to 
be received as well as to comply with further requirements are the 
primary aims of recejition-antenna design. 

III.3.11. Noise considerations. From Eq. (III. 1.226) we may con- 
clude that the noi.se ratio at the terminals of a reception antenna with 
a given value of specif i(‘ signal power is inversely proportional to the 
effective reception surface and to the radiation gain Qr of the antenna 
for the direction in question. Hence reception antennas with the 
largest effective surface are mo.st favorable as regards noise ratio. 
The same conclusion may be drawn from the second definition of noi.se 
figure in section III. 1.22, the attenuation A being inversely proportional 
to Se and to gr. Hence the antenna’s noise figure, according to this 
definition, is also inversely proportional to Sc. In the case of a single 
straight antenna with central terminals we see from Figure 50 that 
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is optimal if the total length 21 is approximately equal to 1.25 wave- 
lengths X. Hence this particular antenna of the type considered cor- 
responds to the lowest noise figure and noise ratio in the above sense. 
Considering arrays of wire antennas, the effective surface Sey as well 
as the radiation gain, are increased by extending the array. Hence 
the noise ratio is decreased in inverse proportion. The array con- 
sidered at the end of section II1.2.13 has only 1/72 of the noise ratio 
and of the noise figure of a single half-wave antenna. Similarly V- 
shaped and rhombic antennas, with their considerable gain figures 
over dip)ole or half-wave antennas, have correspondingly low noise 
ratios and figures. Similar conclusions are valid for the surface an- 
tennas considered in sections 111.2.21 and 22. 

Besides noisci arriving from all directions uniformly we have also 
to consider interstellar noise (sections III. 1.21 and 1.1.14), atmospheric 
noise arriving from particular directions, and man-made noise, also 
often highly directional. For all the.so, the antenna should be so designed 
as to afford oj)timal discrimination against such noise or, in other words, 
a minimum noise ratio. This may obvi(nisly be achieved particularly 
well if the diixH’tions of signal and of noise do not coincide. By in- 
creasing the antenna’s dirc^cl i\'if y and gain for th(‘ signal direction the 
response to the noisc^ i-^ n‘lativ(‘ly decreased. On acaanint of possible 
variations in the direction of incidcait signal waves the directivity may 
not, as a rule, Ik* incr(‘a.se(l beyond a d(‘hnite value, even if cost should 
be disregarded, which is often not tolerable Oee section I II. 3. 2), Even 
with relatively simple antennas such as half-wave wires or .small loop 
antennas minimum or nearly zero I'espon^e may often be achieved 
for the noi.se direction simul1aiu‘ously with favorable n‘.sponse to the 
incident signals by application of })rop(‘r angular directivity x which 
is approximately proj^ortional to sin 0 in both cases, 0 being the angle 
included between the direction of arrival and the axes of either the 
loop or the wire. If, on the oth(*r hand, the directions of the noises 
and of the incident waves practically coincide, an increase of Se and 
(Jr for the direction will often not cause a di^creasc* of noise ratio and 
noise figure. 

References: 44 , 4 ^, ^40, lOd, 249, 294, 282. 

in.3.12. Band-width considerations. Hitherto we have considered 
only the response of n‘ception antennas to waves of a single frequency 
or of a relatively small fre(iucncy interval A/ centered round A/. 
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We now extend tlie discussion to wider bands. Here we have to 
account for the frequency dependence of tiie available power Pa as 
well as of the antenna’s impedance Zr = Rr + jXr. The simplest 
example is afforded by a dipole antenna, Pa being proportional to by 
Eq. (111.1.13c) in which <7r = 1 = x for tlio favored direction, and 
Rrd being proportional to 1/X^ by Eq. (1 11.1. lie). Besides this radia- 
tion resistance we have still to consider the reactance Xr caused by 
the inductance Ly and capacitance Cr of the dipole antenna. At the 
tuning angular frequency we have = 1. The actual values 

of Cr and Lr depend on the construction of tlie dipole. At a frequency 
differing from the tuning position, the radiation impedance Zr of the 
equivalent antiresonant circuit i.-.; 

= /?r + j (ccLr - (111.3.12a) 


and by inserting th(‘ vahu‘ of K(i, (Ill.l.llr) for Rr and assuming 
constant values for Lr and (V an approximate^ vahu^ of Zr is obtained, 
valid in the vicinity of Wo- This radiation impedance, together with 
the available recejRion po\\(‘r, compl(d(‘ly determines the frequency 
dependence of the antemna’s behavior in i(‘C(‘ption (*ircuits. We may 


r I = 


= \ iPaRr and of zero internal 


Cr 


Rr 


use a signal generator of voltages |1 
impedance in scries with AV, tV, 
and Lr as a complet(' substitute for 
the reception antemna at its tca- 
minals (see Fig. 71) I, 2. With a 
dipole antenna, the product PaRui 
is independ('nt of freepumey and so 
is Vo, if tiu' incident waves are 
of fixed specific powc'r. Assuming 
a resistance Ro to l)e conn(‘cted to the terminals I, 2, the power dissi 
pated in Ro is 

IVol'^R. 


— o2 

Ek. 71 EquivaUsit lunijHMl rirruit 
of a WHO or horn-^haptHl antt'iina at 
it^ (Haitoi taj)s 1, 12. 


p„ = 


{Rr + A^,)‘ + 




(III.3.126) 


If /o is the resonant frequen(‘y 27r at which uVjjrCr = 1, a deviation 
/o~/i from this frecpiency is determined, at which Po has exactly 
half its resonant value {l\ is hence 3 db down). Then 21/^ — /ij = 
Jo Q and Q is called the quality figure of the circuit under discussion 
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(see also section 1.2.31). The higher this quality figure, the more 
variation of Pg occurs at a given frequency deviation from the resonant 
frequency. We find from these definitions of Q and from Eq. {b): 


Rr + Ro {Rr + Ro)<J^oCr 


(111.3.12c) 


Thus Q may be decreased by increasing R„ if necessary. 

W^e shall now consider the case of a half-wave antenna, first made 
out of a wire of constant diameter and then made out of two cones of 


small flaring angles O,, (see Fig. G9). In both cases; Lr and Cr may be 
approximately calculated from a quantity Zg called the antenna's 
wave or surge impedance near its resonant huigth. This resonant 
length may be determined from Figure 54, taking to be zero in a 
cylindrical antenna. Using the quantity = 2 In (2lUi) of section 
III. 2. 11, we have approximately: 


for cylindrical antennas. 


for conical ant('nnas. 


(III.3.12r/) 


In the latter case, a is the radius of tlie c()n(‘s’ largest circh's pc^rpendicular 
to their axis and I the axial length of (‘ach cone from th(‘ apex to the 
said circle. It is assumed that 21 ^ a in (‘acli cas(‘. From Zg we obtain: 

= — • (III.3.12c) 

ttZo 1 

These formulas indicate that Zg may be increascnl by increasing U, and 
in conical antennas Zo is larger than in cylindrical antennas if U is 
equal. The voltage Vg of Figure 71 in the vicinity of resonance cor- 
responding to th(i half-wave antennas in question is nearly independent 
of frequency (see Figs. 50 and 53). From the first Ecj. (r/) and from 
Eqs. (c) and (c) it is obvious that a decrease of Q is obtained if the? 
radius a of an antenna's cross-section is increas(‘d. 

The Q figure of a double-cone antenna as pictured in Figure (>9 in 
the case of angles Oo not very small compared with 7r/2 may still b(‘ 
calculated from Eqs. (e) and (c), but the second Fa\. (d), expressing 
Zo in terms of the cone's angle 0o, is no longer valid. Instead of this 
equation we have: 

Zo = 120 In cotan ^ • (III. 3.12/) 
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If 00 1 this expression obviously coincides with the second Eq. (d). 

But if 0ois near 40 degrees, Zo will become of the order of magnitude of 120 
or less, resulting in rather low Q figures suitable to wide-band reception. 

The Q values of more complicated antennas and arrays are not 
readily adaptable to a simple treatment similar to that above. In 
general, if we use the equivalent circuit of Figure 71, the voltage Vo 
as well as the radiation impedance Zr are dependent on frequency. 

References: 24, 61, 147, 163, 397. 

III.3.2. Design considerations. In designing a reception antenna 
its piupose should first be considered. We shall discuss two cases: 
(1) individual antennas for amateur and professional use, and (2) 
antennas for commercial communication. 

III.3.21. Individual antennas. As cost is often a preponderant 
consideration, individual antennas usually need to be of simple design 
and 3 ^et best suited to their purpose. The half-wave antenna or simple 
loop constructions are effective. 

First, the antenna’s site has to be decided upon. The possibility 
of spurious reflections should be avoided. Such reflections may come 
from neighboi’ing buildings, trees, overhead lines, masts, or hills as 
well as from the earth’s surface. Besides stationaiy objects, passing 
aiici’aft, ships, and vehicle.^ have been knowm to cause reflections and 
distortions (ghosts) of tekwision pictures. It ma^" sometimes be 
necessary to locate the reception antenna at some distance from the 
receivei’ itself and inteiconnect by means of a suitable transmission 
line (see chapter IV). If, however, this distance is so great as to 
cause undue attenuation by transmission losses it may be desirable 
to tiansfer pait of the receiver, notably its u.h.f. stages (entrance stage 
and mixer stage' — seu' section \T) to the antenna’s site and to transmit 
intermediate-fre'epiency signals to the receiver proper. It is not ahvays 
ejisy to (‘liminate spurious reflections completely or even to predict 
all of them. Only the more obvious ones can be detected and taken 
care of befoixband. It wall sometimes be necessary to alter the antenna 
after a trial period (reference 93). 

Similar measures will often be successful in the elimination or reduc- 
tion of man-made noise. An antenna high in the air above a densely 
populated city area will pick up much less man-made noise than antennas 
at low^er levels. If a particular source of noise is known, the antenna 
should be removed from its neighborhood, 
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A further point is polarization. In short-distance reception above 
or only a little below the horizon, polarization of the reception antenna 
should match that of the transmission antenna. In long-distance 
reception little coirelatioii exists in most cases between polarizations 
of the waves near transmission and reception antennas. As was pointed 
out in sections 1.1.41 and 1.1.42, frequent changes of the polarization 
of incident waves are a common phenomenon. To reduce the dis- 
turbing effects of these changes and of fading phenomena, two separate 
reception antennas spaced several wavelengths apart and polarized 
differently have proved useful if proper addition of their output powers 
is applied. If the antennas are of simple d(‘sign (e.g., halfwvave wires), 
the slightly higher expenditure for su(‘h a double antenna may be 
entirely w^arranted by a considerable improvement of reception; this 
means seems readily applicable even to individual reception. 

As to the band width of halbwave or of 1.25-w’avc reception antennas 
(the latter affording a much low’er noise ratio), this may be made 
suitable for most purposes, inciiidiiig t(4e vision rece})tion. According 
to section 1.2.32, the six television channels in the liiited States are 
allotted frequencies between 44 and 88 mc/s. If it is desired to receive 
all these channels on one single antenna system, s])ecial care is neces- 
sary. Assuming a drop of available power by 3 db at 44 and at 88 
mc/s as compared with ()(> me is, the Q figure recpiired is: Q = 66/44 = 
1.5. This extremely low quality may be obtained by the connection 
of a high ohmic resistance approximately inekipendent of frequency 
to the antenna’s terminals (see Ikp III.3.12r). The ensuing loss of 
powder transferred to the n^cciver might, howewer, prohibit this measure. 
Thus the use of separate antennas for tlu^ reception of different tele- 
vision channels would be ix^commendable in such (‘ases. Considering 
the channel of 44 to 50 me s, a Q of about 8 w^ould correspond to a 
drop of 3 db in avaihible powor at 44 mc/s as compared with 47 mc/s. 
Assuming a cylindrical half- wave antcama tuned at 47 mc/s and of 
1-inch radius, the surge impedance Z,, is approximately 460 ohms, cor- 
responding to a Q of about 5.0 if short-circuited and of half this value 
if connected to a matched load r(\sistance (73.1 ohms) (sc^e also Fig. 133). 
With a 1.25- wavelength antenna the value of Xr is not nearly zero, as 
may be seen from Figure 54. By the use of a load impedance, con- 
nected to the terminals 1, 2 of Figure 71, of Ro ~ jXr, the resulting 
reactance at the wavelength X for which the antenna’s length 21 = 1.25X 
may be made zero or nearly so. The fre(|uoncy dependence of as 
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well as of Rr and Xr in the vicinity of this fro(iuency have then to be 
taken into account, the latter dependences resulting from Figures 53 
and 54 and the former (*Se) from Figure 50 or from Figures 51 and 52. 

References: 7, 89 , 61 , 98 , 136 , 185 , 402 . 


III.3.22. Antennas for commercial reception. In these cases more 
elaborate designs are suitable, some of which may, of course, also be 
of use for individual reception. We shall first consider rhombic antennas 
and then arrays of half-wave antennas. With rhombic antennas the 
optimal angle 4^ (see Fig. 07 ) is given by the e(iuation ; 

n - \ I 

cosi^ = - h ^ (111.3.22^0 

7 Tr‘'{2(j - 1 ) 


the length of each of the four (Kpial antenna wiies being gX/2, q being 
an integral numb(‘r. As an exam})lo, if the length is 7X/2, we obtain 
an angle \p of about 27 degrees. The height h abovc^ tlie earth's surface^ 
— this being assum(‘d p(‘rfectly reflective {F — — l)--is determined 
by the angle' d includc'd between the main dinn'tion of the incident 
waves and the earth and by the o\’erall length / of the rhombic antenna 
(see Fig. 07) as follows: 


__ J 0.37X _ X 

2 cos 4^ sin^' 9 ’ 4 sin 9 


(III.3.225) 


Thus the optimum height and length are depenck'nt on wavelength, 
though of course the width of the main directional lobe usually entails 
sufficient response over a rather wid(‘ rang(' of freciueiicies. The width 
of the main lobe in both horizontal and vertical directions is decreased 
by increasing the k'ligths of the anti'iina wires. It is n'commended 
to calculate the antenna’s data for the shortest waves of the range 
to be receive'd; if this is doiu', n'cc'ption of long(‘r ^^a^■es is then often 
satisfactory. This was t('.sted in a I’ange of 7 to 23 me s (43 to 13 m 
wavelengths). Ilie gain figures are often not readily predictable under 
practical conditions. An example was given at the' end of section 
III. 2 . 14. As with half-wave antennas in the preceding sc'ction, the 
use of two rhombic antennas at a mutual distance of several wave- 
lengths, together with proper addition of the received powers, may 
(*ause a decrease of the effects of fading in long-diskiiu'e reception 
(reference 126). 
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The possible variations in direction of incidence with long-distance 
reception may be rated at about 3 degrees in a horizontal plane (azi- 
muthal angle (p) and at about 5 to 30 degrees in a vertical plane (ele- 
vation angle 0). The reception antenna should possass an angular 
directivity function x(0, (p) complying with these variations. Thus 
the lobe of main reception response should be of sufficient width hori- 
zontally as well as vertically. This requirement prohibits the use of 
too broad or too highly stacked arrays. On the other hand, the gain 
ought to be increased as much as possible in order to obtain high dis- 
crimination against noise. A favor- 
able compromise between these two 
conflicting reciiiirements must be 
aimed at. ( Jain figures of arrays have 
been dealt with in section III. 2. 13. 

A simple estimate of the neces- 
sary height h and breadth 21 of an 
array in order to o})tain a given 
azimuthal and (‘levati(mal angular 
width of the main ros])()nse beam 
will now be givcai. Assuming the 
azimuthal angle included between the plaii(‘ of the array and the main 
direction of response to be (p, the differenc(‘ in paths of two rays hitting 
the array at spots being / apart, resulting from a variation of by A</? is: 
I cos ip — I cos {ip + Aip)^ and this must be X 2 if ttuise rays -and hence 
any two rays hitting spots of the array, I ai)art horizontally — are to 
cancel each other, lienee, assuming Sip 1 we obtain: 



Fig. 72 Array of height h, hit by a 
plane wave at an angle 0. 


I = 



(111.3.22c) 


the total width of the beam being 2Sip I’adians in azimuthal angle. 
A similar reasoning applied to the luMght /i, assuming a perfectly re- 
flecting earth on which the array of vertical j)olarization is ere(;ted, yields: 


h 


X 

2 sin O X AB ' 


(III.3.22d) 


0 being the elevation angle included between the main direction of 
response and the plane of the array (see Fig. 72). As an example, if 
0 is 70 degrees and AO = 10 degrees, we obtain : h = 3X. At a wave- 
length of 20 m tlie array should therefore have a height of 00 m. 
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Problems of supports, poles, masts, cables, and buildings for housing 
the reception apparatus will be dealt with in chapter VII. 

References: 40, 4h 1^0, 148, 168 ^ 175^ 282. 


in.3.23. Radiation resistance as affected by reflection. Besides 
gain and angular directivity, as determining the effective reception 
area 8e, the radiation resistance of antenna systems is an item of con- 
siderable importance to the design of further reception devices to be 
connected to the antenna’s terminals. We shall start by dealing with 
the influence of the earth and of other reflecting surfaces on the radiation 
resistance of simple antennas and shall then proceed to arrays and 
other more complicated antennas. Considering a horizontal antenna, 
the effect of the earth’s surface is simplest if reflection is perfect {F — 
— 1). In this case, according to Figure 12/;, an image antenna carrying 
exactly counterphase currents with respect to the original one accounts 
completely for this effect. If Z 12 is the mutual impedance of original 
and image antenna, its real part being /^i 2 , and if Zn is the self-impedance 
of the original antenna without image or reflection, its real part being 
/?ii, the resulting radiation resistance is: 

/e, = R, I - /?i2. (III.3.23a) 

If we consider an antenna of vertical polarization and a perfectly 
reflecting earth’s surface {F = +1), we have to apply Figure 12a, the 
image antenna carrying currents of equal amount and phase to the 
original one. In this case the resulting radiation resistance is: 

Rr = Rii “h Ri2j (III. 3. 23/;) 

Rii and R 12 having a similar value as in the case discussed above. 
The values of Rn and R 12 being known in either case for half-wave 
antennas, the radiation resistances may be readily evaluated (for /i’i 2 
of Eq. (a) see Fig. 58). In the case of dipole antennas of short length 
compared with a quarter wavelength the ratios Rr/Rn for the case of 
a horizontal and of a vertical dipole are: 


vertical dipole: = 1+3 

Rii 


sin A — A cos A 


, . Rr 

horizontal dipole: — = 1—3 
Rii 


(A^ — 1) sin A + A cos A 


(III.3.23c) 
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A being the ratio 47r/i/\ and h the dipole’s height above the earth. These 
expressions hold approximately also for half-wave dipoles if h is more 
than X/2. With small loop antennas (section III. 2. 12), the effect of 
the earth is similar to that on dipole antennas, the above Eq. (a) being 
valid for a loop of horizontal plane and Eq. (h) for a loop of vertical 



Fig. 73 Curves representing —1 + Rr/Jhi (vertieiil scale) as dependent on A (hori- 
zontal scale). Curve 1: Vertical loop antenun; curve 2; Vertical dipole; curve 3: 
Horizontal dipole; curve 4: Horizontal loop antenna Ih'ie Rr is the radiation re- 
sistance taking perfect reflection into account, wlule Rn is the radiation resistance 
without reflection (e.g., at a grt^at distance from the reflecting plane). 


jdane. The expi'essions of R \2 however, different from the eone- 
sponding expressions in the eases of dipole antennas. Thus: 


Hr , , (A^ - 1 ) sin A + A COS A 

vertical loop : ~ — = 1+3 ^ f 


horizontal loop : = 1—3 

Rii 


sin A — A cos A 


(III.3.23d) 


A certain relationship between the expressions Ru/Ru for dipole and 
for loop antennas obviously exists. The Ecjs. (c) and (d) are pictured 
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in Figure 73. If a horizontal antenna or a loop of horizontal plane 
comes close to a perfectly reflecting surface, the radiation resistance Rr 
approaches zero. If the reflecting surface has a coefficient of reflection 
of modulus less than unity, as with most actual surfaces, Rr will decrease 
to a finite value if the antenna's height is made to approach zero. This 
finite value will in most cases be small compared with the value of Rr at 
great heights. The effective reception area for the most favorable 
direction (see Fig. 10) approaches zero also in the first case of a perfectly 
reflecting earth and a decreasing height. So, of course, does the avail- 
able reception power. Hence this situation should be avoided in recep- 
tion antennas. 

References: 13, 60, 151, 154, 193, 310, 337, 395. 

in.3.24. Radiation resistance of arrays. Considering arrays of 
parallel half-wave antennas, disregarding the effect of the earth’s 
surface, the simplest case is two equal antennas, their terminals con- 
nected in series. The resulting radiation resistance of each antenna 
being Rn + Ri 2 and R 12 given by Figure 58, we see that a value of ap- 
proximately 2Ri\ = 14() ohms is obtained for ea(‘h antenna, by bringing 
two equal half-wave antennas close together. The effective surface 
area corresponding to broadside reception remains unaltered if compared 
with a single antenna, and so does the available power. Hence we have 
a means of increasing the effective radiation resistance while retaining 
the available power per antenna. By bringing three equal parallel 
antennas close together, radiation resistance of each is tripled, etc. 
Upon proper connection of two antennas so Jis to obtain a ‘ffolded” unit 
(see Fig. 83) with broadside reception, the resulting voltage is twice that 
of a single antenna, while the corresponding radiation resistance at the 
resulting pair of terminals consists of 2 times 2Rii and is 4/iii. Hence 
the total available reception power is not altered if compared with a 
single antenna as might have been anticipated. By proper spacing the 
available power may be increased, as appears from Figure 57, upon 
proper addition of the individual available powers. 

Applying this reasoning to an array of q individual half-wave an- 
tennas, the resulting open-circuit voltage, disregarding mutual action, 
is upon proper addition at broadside reception, q times the open-circuit 
voltage of one antenna. The resulting radiation resistance, the in- 
dividual resistances being in series, is q times that of one antenna. 
Hence the resulting available power is q^/q or q times the amount for 
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one antenna. If the resulting radiation resistance is Rrj upon series 
addition of the individual resistances the gain in available power over 
one half-wave antenna is hence q^Rri/Rn Rri being the radiation resist- 
ance of one antenna remote from the other ones. This is also the ratio 
of effective reception area of the array to that of a single antenna. 
Thus in the case of two antennas (Fig. 57) the gain is: 


gr 



4/?ii 

2(/iii + Rn) 


2Rn 

Rn + Ri 2 


(IIL3.24a) 


This gain is approximately equal to the gain g over one single dipole 
antenna (about 10% less than g actually). 

Considering an array such as that discussed at the end of section 
III. 2. 13 with six antennas parallel horizontally at mutual distances of 
X/2 and six antennas stacked vertically, the individual radiation resist- 
ances are given in the table below, Rr being obtained by adding them all, 
if a series connection of the individual antennas is applied. 


75 4 

93 1 

86 0 

86 0 

93 1 

75 4 

59 9 

67 8 

69 4 

69 4 

67 8 

59 9 

64 0 

79 0 

74 4 

74 4 

79 0 

64 0 

64 0 

79 0 

74 4 

74 4 

79 0 

64 0 

59 9 

67 8 

69 4 

69 4 

67 8 

59 9 

75 4 

93 1 

86 0 

86 0 

93 1 

75 4 


Similar relationships may be derived if shunt connection of the in- 
dividual antenna terminals of the array is applied. 

Refekknces: 60 j 163 ^ 193 ^ 208. 


CHAPTER IV 


WAVE CONDUCTORS AND RESONANT DEVICES 

The available power obtained at the output terminals of an antenna 
system must be conducted to the input terminals of the receiver proper. 
This is achieved by the use of wave conductors and of resonator circuits 
and/or cavities. These means will now be discussed in some detail 
with a view to their most suitable design. 

IV. 1. Wave Conductors 

The wave conductors in present use may be divided into two groups : 
transmission lines and wave guides. Their main difference resides in 
the dimensions in a direction perpendicular to power propagation 
relative to one-quarter wavelength in the dielectric medium. With the 
first group the dimensions are small and with the second group are 
comparable to or larger than (at least some of them) the quarter wave- 
length. 

IV.1.1. Losses in u.h.f. fields. The peculiar behavior of u.h.f. fields 
causes lasses and field patterns which are different from lower fre- 
quency fields. 

IV.1.11. Eddy currents at conductive surfaces. At u.h.f. the elec- 
tric-field strength outside and at a conducting surface is always 
directed very nearly perpendicular and the magnetic-field strength 
very nearly parallel to it. Both fields penetrate only very slightly 
into the interior of the conductor, the field strengths decreasing ex- 
ponentially in amount reckoned in a direction perpendicular to the 
local surface. The depth do in this direction at which the moduli of 
both field strengths have decreased to the 1/2.718 part of their values 
at the surface is given (in cm) by: 
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(IV.l.lla) 
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fio being equal to 10®/47r in the present system of practical units, w 
denoting the angular frequency of the field (c/s), a the specific con- 
ductivity in question expressed in mhos/cm, and m the magnetic per- 
meability of the conducting material. In the case of copper, if / is 
the frequency in c/s, we obtain do = 6.6/V/. If the r.m.s. magnetic- 
field strength at the surface is Hoy the specific power po dissipated per 
cm^ of the local conducting surface is: 


Po = 



(IV.1.116) 


Electric currents flow in the conductor at the vicinity of its surface 
(eddy currents), the r.m.s. current per cm of surface perpendicular 
to its local direction being equal in amount to //o. Equating the 
specific power po to this current squared multiplied by a resistance 
Po, which a square part of the conductor’s surface 1 cm wide and 1 cm 
long (the latter dimension in the current’s direction) offers to the eddy 
currents, we obtain: 


Po (ohms) = - — 
do(T 


(IV.l.llc) 


By the application of these equations the evaluation of eddy-current 
losses caused by particular ii.h.f. fields offers few difficulties. What 
we have to learn from the field pattern outside the conducting surface 
is either the distribution of magnetic-field strength Ho at the surface 
or the eddy currents flowing in every part of the surface. A simple 
example is afforded by a straight cylindrical conductor of circular 
cross-section and of radius a. The u.h.f. current flowing through the 
conductor is by symmetry distributed uniformly along its circumference. 
Hence each part of it contributes equally to the total resistance, this 
being 1/ (do<^27ra) ohms per cm of axial length. The d.c. resistance of this 
length being l/((T7ra^), the ratio of u.h.f. to d.c. resistance works out 
as al2doy which by Eq. (IV. 1.1 la) yields the well-known formula for 
this ratio of a circular u.h.f. conductor. 

If the depth do of penetration is known for copper, its value for a dif- 
ferent metal is obtained by multiplication by the square root of the ratio 
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a copper metal in question. This multiplier is given in the 

table below for different metals: 


Metal 

/<^ropper 

Aluminum 

1.28 

Brass 

2 

Cadmium 

2.09 

Chromium 

1.23 

Gold 

1.19 

Lead 

3 57 

Magnesium 

1 63 

Manganin 

5.05 

Palladium 

2.52 

Phosphor-bronze 

2.47 

Platinum 

2.41 

Rhodium 

1 71 

Silver 

0.97 

Tin 

2.58 

Zinc 

1.89 


This multiplier is also of direct application in obtaining the attenuation 
in wave conductors (see sections IV. 1.2 and IV. 1.3). The specific con- 
ductivity of pure copper is about G X 10^ mhos /cm. 

References: 341, 388, 

IV.1.12. U.h.f. impedance of resistors. In many circuits leakage 
resistance units are used, the d.c. resistance of which is between a few 
and some hundreds of k ohms. These units are 
usually shaped as cylinders, the length of which 
is several times the diameter, two small caps at 
the ends serving as contact connections for 
soldering them to other parts of the circuit 
(Fig. 74). The cylinders themselves often con- 
sist of ceramic material, covered by a relatively 
thin layer of a poor-conductivity mixture, e.g., 
of graphite with some additions. The a.c. im- 
pedance of those resistance units varies consider- 
ably in the ultra- and extreme high-frequency 
range. A value of 100 k ohms at low fre- 
ciuencies may well drop below 10 k ohms at 100 mc/s as regards the real 
part of the impedance. The reactance may be represented by a capac- 


l-Hh- 1 — ii — fnh-l 




I 

Ri Rj Rf 

Fig. 74 Resistor unit 
with distributed capaci- 
tances Cl, C 2 and dis- 
tributed resistance R\, R 2 . 
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ity, usually of the order of 1 pF, shunting the real part of Z, and this 
capacity often varies much less than the real part of Z up to a few 
hundred mc/s (see Fig. 13G). 

This behavior, which is in many cases essential to the application 
of such resistance units, may readily be explained by the stray capacities, 
shunting the different resistive parts of such a unit. Because of the 
connection caps at both ends, stray capacities are much higher near 
these ends than nearer to the center. We shall consider only three 
capacities, shunting the resistance, one capacity Ci at each end, each 
shunting a resistance Ri and a capacity C 2 near the center, shunting the 
resistance R 2 (see Fig. 74). It is assumed that the specific resistance of 
the layer is invariable throughout the frequency range considered, which 
is nearly always true, thus making 2/?i + R 2 equal to the d.c. resistance 
of the unit. The resulting impedance Z between the connectors, at an 
angular frequency oj is: 


Z = 


_2^ 

1 + ^ 


1 + 


/?2 ./ 


2Rio^CxR\ 


+ 


R2^C2 


+ JClRi 1 + 


CC 0 R 2 \ 

o^^ClRl)' 


(IV.1.12r7) 


The over-all shunt capacity C is hence: 


!£^ 

coC 2«?coC, /t’ia.r, 

1 + w^C^iRl 1 + wHiRl 


(IV.1.126) 


Assuming Ri to be larger than R 2 and Ci to be some few times (72, the 
first terms of the real as well as of the imaginary part of Z predominantly 
determine the frequency dependence of Z as long as w ^CIrI is still 
small compared with unity, whereas cd^ClRl is comparable with or even 
much larger than unity. The real part of Z is, in this case, approxi- 
mately: 

2Ry 

Re(Z) (IV.1.12C) 

0} 


and hence strongly variable with frequency. These simple Eq. (a) to 
(c) of course afford only a rather crude picture of the exact behav- 
ior, as many and even continuously distributed shunt capacities and 
series resistances should be taken into account instead of three. 
Even so, several essential features are duly expressed by these equations. 
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They afford some interesting means of decreasing the frequency 
dependence of Z and even of constructing leakage resistances of un- 
usually high values of real impedance at extreme-high frequencies. 
In the first place, the effect of the shunting capacities Ci at the ends of 
the unit may be decreased by decreasing Ri in proportion to R 2 — i.e., 
by applying a lower resistance per unit length near the end caps than 
near the center. This may be carried out by using an increased layer 
thickness near the ends, gradually decreasing to the center. Thereby 
(j)''C‘iR'i may be much decreased and even made small, compared with 
unity, up to a few hundred megacycles. By choosing the resistance 
per unit length near the center, so that oP'ClRl is small compared with 
unity too, units of approximately invariable real resistance value up 
to a few hundred megacycles may be obtained. The capacities near 
the ends, as well as near the center, may be decreased by decreasing 
the cylinder diameter. Miniature units — e.g., of one cm length and 
one mm diameter — constructed along these lines have been showm ex- 
perimentally to satisfy practical requirements in the entire ultra-high 
frequency range. Their resistance values range from a fe\v to some 
50 k ohms. 

References: 29 ^ 34 , 7 Sj 283 . 

IV.1.2. Transmission lines. These wave conductors consist of 
two parallel lines, all dimensions in a plane perpendicular to the direc- 
tion of power propagation being small compared with one-quarter 
wavelength. The lines may be of different shapes. 

IV. 1.21. General properties of transmission lines. Most trans- 
mission lines in practical use are of uniform shape throughout their 
length. We shall assume this condition to be satisfied. The voltage 
V betwa^en adjacent points on the tw^o lines and the currents I in each 
line measured at these points (being of equal amounts and opposite 
directions in both lines) have a constant ratio if w^e consider a w^ave 
propagated freely along a transmission line. This ratio is called the 
surge or wave impedance Zo of the line. In general Zo is complex but 
with most actual lines Zo is a purely real resistance or is very nearly real. 
Now consider a line temiinated by an impedance Z connected to its 
end t(u*minals. If a w^ave travels along the line it is in general partly 
reflected at this terminated end and part of its power is absorbed by Z. 
Denoting the current of the w\ave incident at Z by / and the voltage 
by y, the coefficient of reflection being F, the reflended current is —FI, 
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its direction being reversed to that of the incident current. The 
reflected voltage is FV and hence the total current at Z is (1 — F)I 
and the total voltage (1 + F)V. The ratio of the latter voltage to 
the former current being Z, we have: 

r 1 d- F _ 

I \ - F 


Inserting the value Zo = I / / for the incident wav(', we obtain: 


1 - Z,, Z Z. ^ 1 - F 

1 Zo Z Z 1 -f- F 


(IV.1.21a) 


which constitutes the expression for the complex coefficient F of re- 
flection. Obviously, by Eq. («), F = 0 if Z = Z« which shows a 
fundamental property of the wave impedance: If a transmission line 
is teiminated by its wave impedance, no reflection occurs and the line 
behaves similarly to one of infinite length. The above Eqs. (a) show 
that the relation between F and the ratio Zo/Z is a completely I’eciprocal 
one. The values of Z/Zo corresponding to a definite complex value of 
F may be obtained from Figure 75 By this reciprocity these curves 
may also be used in obtaining F from a given ratio Z Zo. 

If a line of length I cm is teiminated by its wave impedance Z^, its 
voltage at the input teiminals being \\ and at the output terminals 
Voj the ratio Y o/^ % a characteristic pioperty of the line: 

= exp (tO = exp {al + jfil), (IV.1.216) 

* o 


7 being termed the propagation coefficient of real part a (attenuation 
coefficient) and imaginary part (phase coefficient). The ratio of 
input current li to output current lo is exactly equal to Y J V o, as the 
currents bear a constant ratio to the corresponding voltages. Thus 
the average input power is related to the average output power Pq by: 

P 1 

— ' - (‘\p (2a0 = (IV. 1.21c) 

Po (J 

and this equation is similar to Eq. (I.1.23r/) describing the absorptive 
propagation of waves in space. The attenuation coefficients 2a or a 
may be expressed in different units as shown in the table in section 
1.1.23. The gain gf of a Zo-teiminated transmission line of length I 
is related in a simple way to the attenuation 2al as shown by Eq. (c). 
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We shall assume that one unit (cm) of length of both line conductors 
added together has a series resistance Hereby a loss of power of 


Y 



1 

-J 


Fig 75 Vertical scale: Ratio of iinaginary pnrt of terminal impedance to line wave 
impedance. Horizontal scale: Ratio of real part of terminal impedance to line wave 
impedance. Circles centered on the horizontal axis are loci for constant moduli of 
reflection coefficients (indicated at each circle). Click's centered on the vertical 
axis are loci for constant phase-angles of reflection coellicients (again indicated at 

each circle). 


PRs is caused, or, by I = \ i7jo, a ratio of power loss to transmitted 
power of 


2a8 


pRs ^ y^^Rjzi ^ R, 
vyZo z/ 


(IV.1.2]d) 


as being the attenuation coefficient due to series resistance. If we 
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assume no sciiies resistance but a parallel resistance between one unit 
(cm) of length of the lines amounting to Rp the ensuing ratio of power 
loss to transmitted power is: 


2ap = 


VVRp 

vyZo 


— % 
Rp' 


(IV.1.21C) 


Up being the attenuation coefTicicnt due to parallel (leakage) resistance. 
The sum a., + ap is the over-all attenuation coefficient a if no other 
causes of ])ower loss ai*e present. 

If no power loss occurs, the ratio V/I = Zo on a Z„-terminated 
transmission line is purely real. But if attenuation occurs, Zo becomes 
complex. If attenuation is slight, we have: 


assuming that each imaginary expression between parentheses is small 
compared with unity, Xo being the wavelength on the transmission line, 
differing only slightly from the wavelength X in free space. By Eq. 
(IV.1.216) we have:'^ = 27r/V 

References: 50 j 68 j 232 ^ 386 . 


IV.1.22. Properties of sections of transmission lines. Considering 
a uniform transmission line of length I and terminated by an impedance 
Zg, we want to evaluate its input impedance Zi at the input terminals. 
If we connect these input terminals to a further line of equal structure, 
the reflection coefficient Fi of a wave incident on the said input is 
related to Zi by Eq. (IV.1.21a): 


1 - Zo/Z^ ^ 
1 + 


(IV.1.22a) 


while the coefficient of reflection Fe at the far end terminated by Zg 
bears a similar relationship to the ratio Zo/Zg. A wave, incident on 
the input and traveling on to the far end, has to cover the length I 
twice before its reflected part arrives again at the input end. This 
entails the relation: 

Fi = F. exp i-2yl) = 
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whence: 

^ _ 1 — Fc exp (-2yl) 
Zi 1 + Fe exp { — 2yl) 


cotanh (yl) + Ze/Zg 
2 ^ 

1 + ^ cotanh (yl) 


(IV. 1.226) 


The ratio Zo/Zi may in many cases be obtained graphically by applying 
Figure 75 twice, first to determine Fe from the given ratio Zo/Ze and 
second for the determination of Zo/Zt by the first relation of Eq. (b) 
after multiplication of Fe by exp { — 2yl), this relation being entirely 
similar to Eq. (IV. 1.21a). The second relation of Eq. (6) is more 
suited to the discussion of particular cases. If the real part of y is 
small in comparison with the modulus of its imaginary part, the hyper- 
bolic function of Eq. (6) may very nearly be replaced by the corre- 
sponding trigonometric function cotan. 

One of the most important types of line sections is the quarter-wave 
section: I — Xo/4. I^pon insertion of the values of Eqs. (IV. 1.21/) and 
(IV.1.216) for Zo and for y into Eq. (IV. 1.226), we obtain, if Zc = 0: 


Jk 

1^0 


at 


( 


1 + 


47r-' / ' 



(IV.1.22c) 


the resulting input impedance Zi being real and equal to Ri, As al 
is usually small, the ratio Ri/\Zo\ is in most cases very large. Thus 
this quarter- wave low-loss line behaves as a very large real impedance. 
If its length is varied slightly the resulting impedance Zi behaves 
similar to the off-tune impedance of a i-esonant circuit such as that 
j)ictured in Figure 42, the input terminals of this quarter-wave line 
being equivalent to the terminals 3, 4 of Figure 42. Defining the 
quality figure Q in a similar way to section III. 3. 12, the frequency 
difference from the tuning frequency /„ corresponding to a drop of 
by 3 db being ecpiated to /o/2Q, we obtain: 


Q = 


4 al 




(IV.1.22d) 


This figure may be extremely high due to the smallness of al with low- 
loss lines, values over 1000 being no exception. 

Disregarding the losses and attenuation altogether, the behavior 
of some useful lengths of line sections is compiled below, Zq being real 
and q being an integral number (reference 163): 
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LINE LENGTH 

FAR-END TERMINAL 

IMPEDANCE Ze 

NPLTT M PE DANCE 

EQUIVALENT 

LUMPED CIRCUIT 

l<^Xo 

Z, =0 

7 2-/ 

sc'ries inductance 

!«: Xo 

Ze = 

11 

N 

series resistance 


Ze= ^ 

N 

II 

to 1 
2- 

scries capacitance 

! = (2q - 1) X„/8 

Ze 

= jz„ 

series inductance 

1 = (2? - 1) X„/8 

Ze = 

z, = 

series resistance 

1 = {2q - 1) X„/8 

Z, = OO 

- jZo 

series capacitance 

1 

II 

Z, = 0 

Zi = 00 

tuned re onant 
circuit 

1 = (2q - 1) Xo/4 


Zj — Zo 

series resistance 

/ = {2q - 1) X,/4 

Z e ~ ^ 

Z, = 0 

tuned antireso- 
nant circuit 

/ = ?X„/2 

Ze 0 

Z, = Ze - 0 

tuned anti reso- 
nant circuit 

1 = (?X„/2 

Z. =- Ze, 

z - z, = z„ 

series resistance 

/ = qK,2 

Z, - X 

Z = Ze = cx 

tuned resonant 
circuit 


References: 33 , 81 , 94 , 143 , 133 , 332 , 258 , 293 , 321 . 


IV.1.23. Wave impedance and attenuation. The wave impedance 
may be calculated from the power propagated through each cross- 
section if the electromagnetic field generated in the surrounding space 
is known. We shall consider two types of transmission lines which are 
of common occurrence in u.h.f. circuits (see Fig. 76). Of these the 
attenuation coefficients as well as the wave impedances will be given. 
The respective values of a and Zo will be indicated by suffixes related 
to Figure 7G, such as a^, Zoa, Zot^ The values of 2a are given in 
db/100 feet and those of Zo in ohms. Jn the case a of Figure 76 we 
have: 


Z 


oa 


Ve 


Igio 


/D + 

\ d 




if d D, 


(TV. 1.23a) 


t being the dielectric coefficient of the surrounding medium, assumed 
to be of homogeneous isotropic structure (in vacuum t = 1). The 
ratio X/X„ of the wavelength in vacuum (air) to that on the line is very 
nearly equal to In calculating the attenuation the frequency is 
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assumed to be so high that the depth do of penetration according to 
Eq. (IV.l.lla) is very small compared with the wire diameter d. 


2«a = 2.2 X 10“'^ 


^/(c/s) 
^ oad (cm) 



-f~ 2.8 X 10 ^ f tan 8 

(IV.1.236) 


8 being the loss angle of the surrounding dielectric material (see Eq. 
1. 1.21a) and a the specific (conductivity of the wires, being suppased 
of equal composition. In air and in vacuum the second component 



Fig. 76 Picture of j)arallel-vvire-type transmission line (<liagram a) and of coaxial 

line (diagram b). 

of 2aa may often be negkn’ted comi)ared with the first one (except at 
high voltages near breakdown). There is still a third component of 
2aa not included in the above Ecp (6) and pertaining to radiation of 
power into the surrounding space. Tlie j)arallel-wire line obviously 
acts as a transmitting antenna, and its power radiation is equivalent 
to an additional attenuation. The exact amount of this radiation 
depends on the current distribution along the transmission line. As 
an approximate value jK'rtaining to a quarter-wave line shorted at 
the far end, the cHiiiation : 

8.7 X 

2la^r (<//>) = — (IV. 1.23c) 

may be cited (I = Xo/4). This value ofar is additional to aa of Eq. (6). 
The three subsequent components of aa are hence respectively pro- 
portional to V7,/, and /^, if / is the frequency of operation. At extreme- 
high frequencies, the latter part (aar) therefore becomes predominant. 
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As an example, the three components of aa are shown in Figure 77 as 
dependent on the frequency /. 

In order to avoid the radiation component of attenuation with 



Fig. 77 Attenuation expressed in db per 100 ft (vertical scale) of parallel-wire lines 
constructed of two twisted leads, spaced by polyethylene insulation shaped as a 
strip containing the conductors (see upper figure). Horizontal scale: Frequency 
mc/s. Curves are related to lines of different wave impedances as indicated, of which 
upper figure pictures the one of 300 ohms. These curves show that the first part of 
eq. (IV. 1.236) dominates up to, say, 100 mc/s (proportionality to \V), while the 
second part and the radiation according to eq. (IV. 1.23c) make themselves felt at 
lugher frequencies. Loss angle of insulation is about 0.0004. 


parallel-wire lines, enclosures of different shapes have l)een used, as 
shown in Figure 78. The corresponding wave 
impedance is less than without enclosure, an 
approximate value being (reference 200): 


I ! I 




Fig . 78 Parallel-wire line 
enclosed in a rectangu- 
lar shield. 


270 , 

Zo = —p Igio 
V€ 


tanh 


('!) 


Trrf 

Tb 


(IV.1.23(/) 


The most useful lines at u.h.f. are, however, those of Figure l(Sh, i.e., 
concentric cylindrical lines. With the,se lines we have: 

<a/ 


138, 
-7= ISio 
V€ 


Zob 

2ab = 0.55 X 10 


(IV.1.23e) 


3 /I I /fcoppei 


+ 2.8 X 10 tan 5 V( . 

(IV. 1.23/) 
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It may be shown that attains a minimum value if the ratio h/a is 
3.6. The corresponding value of Zoh is 77/V e ohms while the corre- 
sponding value of at becomes approximately: 

2^6 = 0.9 X 10“® — 4 - 2.8 X 10-®/tan 6 . 

a \ a 

Some measured values on coaxial cables of 75 ohms wave impedance 
and of different construction are shown in Figure 79. The theoretical 
value according to the above Eq. (/) for an air-spaced coaxial cable 



Fig. 79 Exjieri mental data on attenuation of coaxial lines (reference 1 6"5). 

(e = 1 and 5 = 0) is shown in the lowest curve, actual values being 
higher on account of various additional losses, e.g., in the dielectric 
insulating material. With good coaxial cables, however, the pro- 
portionality of a to V/ is satisfactory. 

Finally we consider a quarter-wave coaxial line as discussed in 
connection with Eq. (IV. 1.22c) and (d). It may be shown that Ri 
attains a maximum value if the ratio b/a is chosen to be 9.2. The 
maximum value of Q corresponds to minimum attenuation a and 
hence to a ratio b/a of 3.6. For an air-spaced quarter- wave section 
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of 6/o = 3.6 and hence of 77 oluns wave impedance, the value of Q is: 

Qmax = 5.2 X 10^ > « and X in cm. (IV.1.23sf) 

Vx 

In the dm wave range values of Q over 1000 may readily be obtained. 
References: 85 ^ 95, 122, 200, 21^2, 281, 293, 332, 334. 

IV.1.24. Line transformers and line noise. The piimary purpose 
of a transmission line is, in the case under discussion, to transmit power 
from the reception antenna to the receiver. In doing so it may be 
said to act partly as a transformer. We shall consider some special 
types of line transformers. AI(xst transformers are based on the quarter- 
wave section. According to Eq. (IV. 1.226), disregarding losses, 
yl = j7r/2 and hence 

Z: = Z,Z, or Z, = Z:/Z,. (IV.1.24a) 

By a proper choice of Z^ at a given value of Z,, it is thus possible to 
obtain either a highei- or a lower value of Z<. than Z/. We may construct 
step-up or step-down transformers in this way. Owing to the losses, 
this transformation ratio cannot exceed a definite value for a j)articular 
quarter-wave section, this upper limit being IQ/w, which may })0 
easily derived fi’om i']qs. (IV.1.22r) and (d). 

If a coaxial line is to be connected to a reception antenna, S3mnietrical 
with respect to its central terminals, as usual, some means must be 
inserted to prevent one antenna terminal from ])ecoming grounded if 
connected to the outer tiil)e of the line. An example is shown in Figure 
80, called the quaiter-wave skirt. The coaxial line is extended for 
one-quarter wavelength into the outer tube acting as a s(‘reen. Bv 
this skirt both conductors of the coaxial line, whem connected to the 
balanced antenna terminals, attain a high im]XMlance to ground. This 
skirt is effective over a considerable fre(iuencv lange, its impedance 
Z at a frequency /somewhat different from the tuning fre(|uency/t, being: 

Zo denoting the wave impedance of the outer skirt-tube with respect 
to the outer conductor of the (*oaxial line. d"his wave impedance may 
be made much higher than the Z^-value of that line. Satisfactoiy 
effect of the skirt may thus be obtained from 240 to 300 m(;/s. Another, 



LINE TRANSFORMERS AND LINE NOISE 


135 


almost self-evident, example of a quarter- wave skirt is shown in 
Figure 81. The skirt may be combined 


with a quarter-wave line transformer as 
shown in Figure 82. Another transformer 
is the so-called folded half-wave antenna 



Fig. 80 Quart or-wiive skirt used in 
transition from a coaxial line to a 



shielded double-vviri* balanced line. 


Coax 


Fig. M (Quarter-wave 
of Figure 83. By bringing t\\ o c(|nal half- skirt used as part of a half- 
wave antcamas close together the resulting w’ave reception antenna 

radiation resistance, if measured at the connected to a coaxial 
terminals of one of them, the other one ('eferonce 

being short-circuit (‘d at its ^ 

^ . , , Change ai am of Inner conductor 

c(‘nt(M-, is approximately lour for^ distance to give 

times the ladiation resist- / V — " i — "p. 

anee of one of the anten- 

nas. dims about 4 X 73 = y x!/ V \ J 

292 is obtained in this Avay. Y 7^ ^ 

It one radiator has a smnlier ^ 

1 - , -I- oo ih(i. S2 (Quarter-wave skirt eombined with a 

diameter, as in r igiire S3, the ^ a ^ i ^ -x- 

. (juarter-wave transformer used in transition 

step-up ratio may Ix^ below from a coaxial line to a double-wire shielded 
or above 4 (refcnuiees 61, balanced line (reference 26'S). 

163), 

As regards the noise of a transmission line section, the rule of section 


Change diam of Inner conductor 
for a distance ofjA to give 
\ Zq-=i Z/ Z 2 



T 



1 


n 


\J 

d/,__ 




To balanced 
^ hne of 
mped.Zp 



Fig. 83 Transformer eireuit consist- 
ing of two parallel adjacent half-wave 
antennas, radiatiiiii coupled. 


1 1.1.33 may be applied; according to 
this, the available noise power at 
two terminals of a passive network 
(our line is such a network) at a 
uniform temperature Ti is KTiAf 
and the corresponding impedance 
has the value measured at the ter- 
minals. If the line section has a 
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gain g and a temperature its noise figure is hence: 

= + (IV.1.24f.) 

Ti being the temperature at the output of the signal generator. 
References; 61, 163, 321, 332, 382, 383. 

IV.1.3. Wave guides. If the frequencies are increased beyond, 
say, 3000 mc/s, the transmission lines dealt with above become obsolete. 
Their place is then taken by the so-called wave guides. 

IV.1.31. Fundamental properties of wave guides. These wave guides 
consist of hollow metal tiil>es, in the interior spa(‘e of which the waves 
are transmitted from input to output end. Obviously wave motion 
in these guides is similar to that in free space, the difference being that 
a lateral concentration of the waves is obtained by the metal tul)e walls. 
In the propagation the general properties of electromagnetic fields 
near metal surfaces are satisfied, the (ilectric-field strength being directed 
perpendicular to and the magnetic-field strength parallel to the sui’faces 
in their vicinity. Under these conditions, only definite wave patterns 
are possible though an infinite seiiuence of such patterns exists. As 
in the case of transmission lines, we shall assume that all the field 
strengths are proportional to exp ( — yz), z being a length directed 
parallel to the axis of the guide and y a propagation coefficient as given 
in Eq. (IV. 1.216). The real part a of y marks the attenuation co- 
efficient and will again be expressed in db per 100 feet, other units 
being easily obtainable from the table of section 1.1.23. 

Some particular wave types have been found to afford simple ap- 
proaches to more general types of wave transmission. In these types 
either the electric-field strength directed parallel to the guide's axis is 
assumed to be zero (indicated as transverse-elecTric or T-E wave), or 
the magnetic-field strength of this direction is avssumed to be zero 
(indicated as transverse-magnetic type or T-M wave). Of the T-M 
as well as of the T-E waves, an infinite sequence of sub-cases exists, 
differing in field patterns though satisfying the general conditions of 
the type. For some simple cross-sections, such as circular or rectangular, 
the T-E and T-M waves have been studied in detail. Field patterns 
for circular cross-sections are shown in Figure 84. Attenuation co- 
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efficients a of the four wave types pictured in Figure 84 are shown for 
a particular guide in Figure 85. 

Leaving out the case of the T-Eoi wave which will be dealt with 
presently, attenuation is seen to rise very steeply below a definite 
Irecpiency approximately corresponding to minimum attenuation in 



Fig. 84 Field patterns in a cireular wave guide corresponding to the wave t>pps 
indicated. Electric lines of force are lull curves and magnetic linos of force aie broken 

curves. 


Figure 85. Below this frequency the guides become unfitted for 
practical use. Above this frequency attenuation is caused by eddy- 
current losses in the guide’s walls and is proportional to the square root 
of the frequency, as is to be expected from this cause (see Fig. 79). 
In a guide of circular cr ass-section, the lowest frequencies suitable for 
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transmission, or rather, the corresponding longest wavelengths X in 
the medium inside the guide, are directly related to the diameter D 
of the cross-section: 

Wave type T-Moi T-Mn T-En 

X/D 1.31 0.82 1.71 

With the T-Eoi waves, attenuation theoretically decreases if the fre- 
quency is increased (see Fig. 85). But unfoi tunately this exceptional 



Fig. 85 Attenuation of .some wave tyj)e^ in wav(‘ guides of circular cross-section, 
the inner copper tube diameter beinp; 5 in. See table of section I.1.2d for other 

units of attenuation. 

behavior is strictly dependont on an exactly symmetrical field pattern 
such as that shown in the T-Eqi picture of Figuie 84. Even a very 
slight departure from these conditions entails an attenuation curve 
similar to that of the other wave types in Figure 85. Thus no practical 
value should be attached to the T-Eqi curve of Figure 85, as the at- 
tending conditions can hai’diy ever be realized in actual guides. 

The two suffixes are (dosely related to the respective cross-sectional 
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field patterns. Thus, with T-Mqi and T-Eqi waves the patterns are 
of circular symmetry (suffix 0) and belong to the lowest frequency 
corresponding to this symmetry (suffix 1). With T-Mn and T-En 
waves there is one diameter of symmetry (first suffix 1), and the second 
suffix 1 indicates the lowest frequency corresponding to this symmetry. 
With T-]\l 2 i waves there would be two diameters of symmetry, etc. 
With T-Mo 2 or T-M 12 or T-M 22 , etc., waves the second lowest frequency 
corresponding to the respective type of symmetry is indicated by the 
second suffix being 2, and so forth. 

Similar relations exist with wave guides 
of different cross-sections. As a further 
example we shall discuss bi-iefly some 
wave t\q)es and field patterns of guides 
of rectangular cross-section. Again we 
avssurne, first, that the electric-field 
strength directed axially is zero (T-E 
waves), and second, that the magnetic- 
field strength directed axially is zvm 
(T-M V aves). The simple.st type ol T-AI 
waves has one focal point of magn(‘ti(‘ 
lines of force in a cross-se(‘tion as .shown 
by Figure SOa, corresponding to the upper 
picture of Figure 81. This is usually in- 
dicated as the T-Mii wave. The need 
for a double suffix w ill appear presently. 

Other T-]\I-wave field patterns are .showm 
in Figui’es 8&) and 8fir, being i-espectively 
indicated as T-]\T 2 i and T-M 12 waves. 

The suffixes obviously indicate the num- 
ber of focal points of the field patterns 
parallel to either side of the rectangular 
cros.s-section. A T-M.n wave has the pattern of Figure SM. The 
electric lines of force are perpendicular to the magnetic ones shown 
in Figure 86. With the T-E wnves the parts of electric and mag- 
netic lines of force are reversed with respect to the ecjually suffixed 
T-M waves. As with the circular diameter, a lowest frequency exists 
for each wave type, below wdiich attenuation becomes prohibitive. 
If a and b are the faces of the rectangular cross-section, the upper 
wavelength X in the medium inside the guide corresponding to the 


a 


b 


c 


d 


Fig. Firturcs of magnetic 
lines of force corresponding to 
various types of T-M waves in 
a root angular guide Diagrams 
a to (J correspond to T-Mn, 
T-M 21. T-M 12, T-M 31 wwes re- 
spectively. 
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lowest frequency is given by: 

fja and Qb being equal to the respective suffixes of the wave indication. 
Thus in a square a = h and the highest possible value of X Ls obtained 
with (ja = g'6 = 1, this value therefore being: X = aV2 = 1.41 X 
This ratio of X/a is somewhat smaller than the corresponding ratio 
in the case of a circular cross-section for T-Eu waves. 

References: 14, 35, 36, 57, 79, 212, 225, 308, 310, 325. 

IV.1.32. Comparison with lines and excitation. With rectangular 
and other guides of less symmetric structure than the circular ones, 
optimum I'atios of the different principal dimensions of the guide’s 
cross-section may be determined, corresponding to minimum attenua- 
tion in the range of operation (i.e., above the lowest border freciuency). 
In the case of a rectangular guide transmitting T-M waves, the optimum 
ratio h/(i depends on the suffix numbers and If one is unity and 
the other is ecjual to 2, this ratio is 1.27; if both are equal to 2, this ratio 
is again unity, etc. The attenuation a expressed in db per 100 feet 
is shown, for some copper guides of optimal cross-sectional rectangular 
dimensions, in Figure 87 as dependent on frequency (reference 295). 

Comparing the present wave guides with the transmission lines of 
section IV. 1.2, some practical points have to be taken into account. 
Considering, for example, the T-Moi wave of Figure 84, we might quite 
well assume a circular coaxial conductor at the center of the guide. 
The inter-conductor dimeasions would still be such that ordinary 
transmission-line theory — e.g., the equations of section IV. 1.23 giving 
the coefficients of attenuation — cannot be applied, as these require the 
dimensions to be small compared with a quarter wavelength. There- 
fore we would obtain what should be called a wave guide of coaxial 
shape. Considering the frequency coi responding to the T-Moi wave, 
this guide would be operated below its lowest frequency of operation 
and hence would show a very high attenuation compared with the 
minimum value corresponding to the T-Mqi wave of Figure 85. If now, 
in order to comply with the requirements of a tme coaxial transmission 
line, the crass-section should be decreased, the field strengtlis at the 
conductor surfaces corresponding to equal transmitted power, as with 



COMPARISON WITH LINES AND EXCITATION 


141 


the previous guide, would be much higher, entailing higher specific 
losses and higher attenuation. This latter figure would thus be much 
higher than that of the original T-Mqi guide. A similar reasoning 
may be applied to different guides and wave types. At their given 
frequencies of operation the guides afford a much lower attenuation 
of transmitted power than any other known means of transmission. 



■X/a •’Frequency mc/s 


Fig. 87a Vertical scale: Ratio of wave- Fig. S7b Attenuation of T-Eio. 
length \g along guide to wavelength X in waves in wave guides of various di- 

free sfiacc. Horizontal scale: Ratio of mensions as dependent on frequency. 

X to width a of wave guide. Showing 
ranges and cut-olT of T-Eio waves. 

We shall now consider the excitation of different wave types in guides. 
Taking first the T-Mqi wave of Figure 84, a dipole or half-wave antenna 
placed along the axis of the guide will cause an electric-field strength 
pattern substantially as shown in the figure. With the T-Mn wave of 
Figure 84, two such antennas, excited eounterphase, are needed, placed 
at the two focal points of the crass-section coaxially with respect to 
the guide. In the case of the T-Eqi wave, a small loop antenna at its 
center would cause substantially the desired field pattern. Similar 
small transmitting antennas might be used for excitation of the re- 
spective wave types in a guide of rectangular cro.ss-section (Fig. 86). 

Here we consider a simple and very useful type of wave guide. It 
i^ of rectangular cross-section with one of its faces — say b — however, 
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small compared with one-quarter wavelength. The electric-field 
strength of T-Eio waves is directed parallel to this face in the guide^s 
cross-section. It Is zero at the surfaces of the 6-faces, the magnetic- 



iL A 

Fig. 88a Elect nc-field pattern of T-Eio and 'F-E^o waves 
in a rectangulai guide. 


field strength being almost everywhere parallel to the g- faces except 
in the vicinity of the 6-faces (sec Fig. 88 and references ^ 10 ). It 
offers particular advantages to measurements, as two adjacent points on 


frequency in megacycles/sec 



TEffifnode cutoff TE^fi/noch cutoff 

Fig. 88b Dimensionb of various guides for T-Eio wave‘s suitable for dilTerent fre- 
quencies in tlie u.h.f. and s.h.f. ranges a^ indicated. 


opposite a-faces have a mutual distance small compared with one-quarter 
wavelength. 

References: 6 , 19 , 37 , 43 , 83 , 241 , 240 , 295 , 316 , 320 , 328 . 


IV.2. Resonant Circuits and Cavities 

Besides antennas and wave conductors, means are used in reception 
as well as in transmission circuits to afford additional selectivity — i.e.. 
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discrimination between different wave ranges. These means are nearly 
always resonant circuits or resonant cavities. 

IV.2.1. Lumped circuits. At frequencies below, say, 200 mc/s, circuits 
consisting of concentrated inductances and capacitances may be used. 
But even at these frequencies the additional capacitances and induct- 
ances caused by parts of wires or othei* conductors have often to be 
taken into account. 

IV.2.11. Single resonant circuits at u.h.f. Such circuits are based on 
two elements: inductance coils and capacitances. Usually the capaci- 
tances are variable so as to allow adjustment of the resonance frequency, 
i.c., timing, while the inductan(‘es are constant. Variations caused by 
temperature differences and by other secondary factors will be con- 
sidered later. With inductances the quality figure Q, being the ratio 
of the modulus of coil reactance at resonance frequency to series resist- 
ance, is in many cases given high values by proper construction. Within 
a frequency range of 3 to 12 mc/s values for Q between 400 and 800 
have been obtained wath coils of about 3.7 /z henry using screening cans. 
Usually Q is low^er, values of about 100 being common up to about 
200 mc/s. With air condensers of proper design, tan 8 need not be 
higher than 10”“^ up to that frequency. 

With circuits as showm in Figure 42 for which tan 5 C 1 and 

Q tan 6 <§: 1, the I’esonant impedance (JiLC = 1) at the terminals 3, 4 
is approximately real and given by: 

Q 

Zree = c.,LQ = • (IV.2.1 b/) 

COot 

Assuming an angular frequency w such that |w — Wol Wo, the modulus 
of the impedance Z at this frequency co is approximately: 

jzf ^ 1 ^ L_ H 

^ ^ 4(0, - ‘ cos' 

Wo 

(IV.2.11:;) 

It is easy to see that the present definition of Q is perfectly equivalent 
with the one given previous to Eq. (III.3.12c). The total band width 
B of a resonant circuit is often defined as equal to twice the deviation 
in frequency from the resonant frequency, at which the ratio of Eq. (h) 
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has dropped to 


This band width B is simply related to Zre« and to Q: 


Zrea = 


1 

2irBC 


Q ^ ^ 

(jJoC 27rQ 


(IV.2.11C) 



This useful relation is pictured 
in Figure 89. 

Whereas for the resonant 
circuit of Figure 42 the modu- 
lus of its impedance has a 
maximum value at resonance, 
circuits arc sometimes needed 
which will show a minimum 
impedance at resonance. T wo 



Fig. 89 Resonant impedance (vertical 
scale) as dependent on resonant circuit’s 
shunt capacitance C (horizontal scale) at 
various band widths B. 


Fig. 90 Diagram a; Antire^s- 
onant circuit. Diagram h: Cir- 
cuit of zero transfer impedance 
at an angiiUir frequency givem 
by l ifRi -= 


such circuits are shown in Figure 90. With the circuit of Figure 90a, 
we have at col = IILC: 


Zres = R (IV.2.11d) 

and at different frequencies: 

Z^ = 72^(1 + f'Q"), (IV.2.11e) 

Q and f having the same meaning as in Eq. (b) above. With the 
circuit of Figure 906, the resonant transfer impedance Zres is exactly zero 
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at cdo == 1/LC. The value of Ri is approximately equal to (jciIL^/{4R). 
The off-resonance transfer impedance Z (output open-circuit voltage 
over input current) is given by: 




(IV.2.1]/) 


Q being o)oLIR and f having the same meaning as in Eq. (b) above. 
'I he value of Z according to Ecj. (/) is illustrated by Figure 91. 

Keferen('Es: 100, 138, 186, 226, 204, 359. 



Fi(j. 91 Vertical scale: Ratio of impedance of circuit of Fi”;. 905 according to eq . 
(IV. 2. 11/), expressed in ohms to L/{4CR). Horizontal scale: fQ, being a measure 
for the frequency distance from the resonant position. 


IV.2.12. Coupled resonant circuits. The theory of coupled resonant 
circuits has at present such a wide scope that we cannot here present 
anything like a comprehensive survey. Instead we shall discuss some 
simple examples of frequent practical occurrence with a view to the 
subsequent application of some notions considered to resonant cavities. 
In many cases a current generator of infinite internal impedance may 
be supposed to be connected to the input terminals of the four-pole 
constituted by the coupled circuits. In these cases an essential item 
of information often wanted is the ratio of the open-circuit voltage 
V across the output terminals at resonance to this voltage off-resonance 
or the invei'se ratio. We shall quote this ratio in a number of simple 
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/ 



M 

Fitf 92 Two resonant circuits coupled b> a mutual inductance M 



at a2 05 1 2 5 10 20 50 too 


Fig 93 Vertical scale Ratio of output voltage V of network pictured in Fig 92 
to output voltage at lesonance, assuming both resonant ciicuits to be equal Hori- 
zontal scale fQ, being a ineasuie for the frequency distance from resonaiu e Curves 
for different values of kQ, k being the coupling coefficient M^/L\L 2 in the case of 

Fig 92 
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ca-scs. First, two resonant circuits coupled by a mutual inductance 
M will be considered (Fig. 92). This ratio works out approximately as: 




Fr, 


(1 + ^2(32)2 


(1 + 


(IV.2.12a) 


The underlying assumptions are: (/jjiCi = wlL^C? (equal resonance 
frequencies), has the meaning of E<i. (IV.2.11h), cooLi /Ri = 0)o L 2 /R 2 
— Q, It is supposed that f 1. This equation is 

illustrated by Figure 93. The extreme usefulness of Eq. (a) and of 
the curves of Figure 93 resides in their general applicability to coupled 



Fig. 94 Two rcsoiuiiit circuits 
coupled by means of a capaci- 
tance C as shown. 



Fig. 95 Two resonant circuits 
coupled by means (^f a resistance 
R as shown. 


circuits of different types of coupling. Thus, considering Figure 94 
in which capacitive coupling is applied, we have simply to insert: 

where C[ = (\ + C and Co = C 2 + C, when^as the other 
symbols of Eq. (a) retain their significance. The negative values of 
in Figure 93 ptu tain to a third type of coupling shown in Figure 95. 
In this case we have: 




Qi = 




Q2 = 


0ol^2 

nr 


j__2_ J ±___i 1 

if, “ /f, ^ /F if^ " ifa if ‘ 


(IV.2.126) 


The curves of Figure 93 may also be applied to cases in which some 
of the above assumptions are invalid, if still 1, Qi ^ 1 and Q 2 ^ E 
We shall suppose that both coupled circuits have different resonance 
frequencies: JjLiCi = 1 and oijjLoC^ = 1, while 2o)o = 03 / + 

= (wjj - wj)" the quality figures being Qi and Q 2 , VQ = I X 
(VQi + I/O 2 ), = j X (1/Qi ~ 1/Q2)^. If the two coupled circuits 

are of equal quality but of different resonance frequencies, the coupling 
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coefficient t? in Figure 93 and Eq. (a) must be replaced by 

If the circuits are of equal resonance frequencies but of unequal quality 

figures, in Figure 93 and Eq. (a) must be replaced by 

References: ^^6, 2S2, 381. 


IV.2.13. Optimal coupling and gain. Considering the ratio of V to I 
(see Fig. 92) in the case of Figure 94 we obtain: 


V 

I 


Wo 


VCi'C 




(IV.2.13a) 


K having the value indicated in connection with Figure 94, while = 
4(w — w/)^ and = 4(a) — a)j/)^. 



Fig. 96 Modulus of the ratio V /I of eq. (IV.2.l3a) on a linear scale (vertical) as 
dependent on angular frequency (horizontal) in the case of two equal coupled circuits 
of resonant angular frecjuency coo. Curves for different values of kQ, k being the 
coupling coefficient and Q the quality of the resonant circuits. 


With equal resonance frequencies and quality figures, if f i == ?2 = 0, 
the ratio \V/l\ is proportional to kQ/(1 + If the coupling co- 

efficient K is in this case varied, this ratio attains a maximum modulus if 
/cQ = 1. This is usually indicated as critical coupling, and it entails 
that the voltages at the input and output pairs of terminals become 
equal. The modulus of the ratio of Eq. (a) in the case of equal reso- 
nance frequencies and quality figures is shown in Figure 96 as dependent 
on frequency and on coupling coefficient. The “humps” resulting from 
over-critical coupling are noteworthy. According to Eq. (a), small 
values of the circuit capacities are useful in obtaining a large modulus 
of the ratio V /I if the frequency dependence of the resonance curve, as 
determined by Eq. (IV.2.12a), is fixed. In the optimal case, the capaci- 
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tances Ci and C 2 of Figure 94 may be made nearly equal to the capaci- 
tances of the devices connected to input and output terminals respec- 
tively. 

Furthermore, a large modulus of the ratio V /I requires a maximum 
value of kQj which is unity in the case of equal resonance frequencies 
and quality figures. But if the latter figures differ for both circuits 
while the resonance frequencies remain equal, has to be replaced by 
in Eq. (I V.2.12a) determining the shape of the resonance cuiwes. 
In order to maintain an unaltei'ed shape of the resonance curve, has 
therefore to be increased until (k^ — attains the former value 

unity, Q being given by l/Q = |(l/Qi + In the extreme case 

we might neai'ly make l/Qi zero and 2 Q 2 = Q, when has to be re- 
placed by — rj^ = — l/Q^. Hence, in order to retain the shape 

of the I'esonance cuiwe according to Eq. (IV.2.12a) the value + 1/Q^ 
has to be substituted for and as ~ 1 this entails a value of the 
modulus of Eq. (IV. 2. 13a) exactly V 2 times the optimal value in the 
(*ase of equal circuits. By this special choice of quality figures we have 
thus obtaiiK'd a considerably lai'ger ratio \V/l\ without impairing the 
shape of the resonance cuiwe as determined by Eq. (IV. 2.12a) and 
Figui'e 93 in any way. 

The four-pole constituted by the two coupled circuits has a definite 
gain figure g if the impedance attending the current generator con- 
nected to the input terminals is fixed. Referring to Figure 94, we 
shall assume that the parallel resistance Ri of the input cii’cuit in- 
corporates this impedance, assumed to be real. The available input 
power is thus /“/?o/4. By evaluating the real part of the impedance 
looking into the four-pole at its output terminals, the available output 
power may be obtained. Upon division by the available input power 
the gain, if Qi = Q 2 , fi = f 2 = ty C'l = ^ 2 , Ri = R 2 = R works out as: 


_ ^ 2r\2 

ll + kV - + 2ifQl ' 


(IV.2.13b) 


Comparison of Eqs. (IV. 2.12a) and (IV.2.136) shows that the frequency 
dependence of g is entirely similar to that of the ratio |F/Fres|, the 
numerators of both expressions, containing this dependence, being 
equal. Thus Figure 93 also represents g if the vertical scale is changed 
accordingly. As our four-pole is a passive dissipative network, g is 
smaller than 1. 
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IV.2.14. Stray inductances and capacitances. In the present fre- 
quency range above 6 mc/s, the inductances and capacitances of short 
ends of wire and of metallic parts of a circuit may cause relatively 
considerable reactances or admittances. We shall start this discussion 
by giving the expressions of the inductances of short straight wires of 
circular diameter. In Figure 97, the self-inductance L corresponding 

tL L. 

21 *21 ^ cm / 



Fig. 97 Self'-inductance L per cm length of a single straight section of circular wire 
of length I and of diameter d I an dependent on l/d. Same curve gives mutual 
inductance M per cm length between two such parallel wire sections at a distance a 
^ d as dependent on //2a. One unit of vertical scale is 10“® henry /cm. 


to a single straight section of length I of a circular wire of diameter d 
being assumed small compared with I is shown in the curve. The 
same cui-ve represents the mutual inductance M between two such 
parallel sections of wire at a distance a ':> d but a <C Z. One unit on 
the vertical scale is 10“^^ henry/cm. 

The physical meaning of such inductances corresponding to straight 
sections of wire requires some further explanation. If we consider a 
loop of rectangular shape, its total inductance is equal to the sum of 
the inductances of the four face wires evaluated from Figure 97 minus 
the mutual inductances between each two different faces, the mutual 
inductances between parallel faces being evaluated from F'igure 97. 
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As a numerical example, a wire of 10 cm length and 1 mm diameter has 
a self-inductance of 10.1 X 10~® henry. If a second wire of equal 
dimensions is parallel to the first one at a distance of 0.5 cm, the mutual 
inductance is 55 X 10“® henry. At 100 mc/s the corresponding 
reactances are 63 and 34 ohms respectively and these values may in 
many cases not be neglected. Figure 97 indicates that self-inductances 
may be decreased by increasing the wire diameters. This simple 
means has often been successfully applied with extreme-short wave 
tubes and circuits. 

Besides ends of wires, metallic parts of chassis and other structures 
also have corresponding inductances though usually much smaller 
per unit of length than with wires. Still, in some cases, even these 
small inductances have to be taken into account. 

Capacitances between separate sections of wires and between similar 
or other metallic parts of a circuit have often to be accounted for at 
u.h.f. In many cases these stray capacitances are of comparable 
amount to the variable tuning capacity. On the other hand, the leads 
and plates of such tuning capacitances have small but non-negligible 
inductances which may, in some cases, have an influence on the resonance 
curve obtained by varying the tuning capacity, as in reality the resonant 
circuit’s inductance is simultaneously varied. Owing to these effects, 
lumped resonant circuits incorporating such variable tuning capacitances 
are to be used with care at frecpiencies beyond, say, 60 mc/s for measuring 
purposes. 

The above curve of Figure 97 may be applied to obtain the self- 
inductance of resistance units, if capacitive effects (section IV. 1.12) 
are negligible. From this self-inductance and the resistance, the Q 
value of this resistance unit may be evaluated; this Q value should be 
as low as possible for u.h.f. purposes, entailing short units of relatively 
considerable diameter. 

References: 140, 354, 356. 

IV.2.2. Cavity resonators. We have already considered one particular 
cavity resonator in section IV. 1.23 when discussing a quarter-wave 
coaxial line. In the present section cavity resonators of various shapes 
will be considered. 

IV.2.21. Resonant frequencies of cavity resonators. The simplest 
cavity resonators are based on wave guides as discussed in section 
IV. 1.31. That section showed that a sequence of definite wavelengths 



152 


WAVE CONDUCTORS AND RESONANT DlAIC'luS 


exists for every guide, corresponding to different types of wave propaga- 
tion and having a limiting character inasmuch as longer waves of such 
types meet with excessive attenuation in the guide. Similar sequences 
of definite wavelengths occur in connection with electiomagnetic 
resonance in cavities. Considering a cavity of rectangular shape and 
of faces a, 6, and c, we again assume restrictions as to the field strengths. 
With T-M resonance the magnetic-field strength dire(‘ted parallel to 
the face c is supposed to be zero, and with T-E resonance the similarly 
directed electric-field strength is zero. Discussing T-M resonance first, 
the magnetic-field strength directed parallel to the face a is of optimal 
amount at the planes containing the faces a and c. Assuming a plane 
wave propagated to and fro between these planes, the patii h must be 
an integral multiple, say qb, of half its wavelength. Similarly the 
path a must be an integral multiple, say qa, ()f the half-wavelength 
in a direction of propagation parallel to a. Applying the same reason- 
ing to a plane wave propagated parallel to c, we finally obtain the rule 
that: 

If we assume qo and qc to be zero, the above rule applies to a and a 
similar argument applies to h and to c. This equation is an obvious 
extension of Eq. (IV. 1.31a) and determines the resonant wavelength 
in the medium inside the cavity corresponding to a T-M resonance 
fixed by three integral suffixes </«, <75, and qc. Not all possible integral 
suffixes, however, correspond to actual electromagnetic fields. Thus 
the combination (0 0 0) leads to zero field strength throughout the 
cavity, and so do other combinations. The longest wavelength with 
T-M resonance results from qa = 1, qb = 1, (/c = 0 or (110) l)eing: 

X?io = + b^). ilV.2.2lh) 

Similarly, with T-E resonance the longest wavelengths result from 
the combinations (Oil) or (101): 

Xoii = 4:h^c^l{b^ + c^) or Xfoi = 4:a^c^/{a^ -f- c^). (IV.2.2l6‘) 

We have given a special significance to the c direction in relation to 
T-M resonance or T-E resonance. Obviously no such special selection 
exists in general, and we may as well substitute a or b for c in the above 
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reasoning, thus obtaining different sequences of resonant wavelengths, 
of which, therefore, a somewhat dazzling diversity exists. 

A rectangular cavity is only one out of many possibilities. Assuming 
a cylindrical cavity of circular cross-section and attaching the same 
meaning to the axial direction as above to a direction parallel to the 
fa(‘X‘ c, the axial length being I and the i-adius of the cross-section being 
r, w(^ obtain for the longest wavelengths of T-M resonance and T-E 
resonance respectively : 

X = 2.61r and = (TV.2.21r/) 

1 0.314 ^ 

_ _| 

With a sphere of radius r, the longest wavelength of T-M res( nance is: 
X — 2.28r and of T-E resonance: X == l.lOr. These examples may, of 
course, be multipli(‘d indefinitely. 

References: tS, SO, 43, 104, 181, 182, 203, 251, SIO, 403. 

IV.2.22. Quality of cavity resonators. If by suitable means one of 
the possible resonant fields in a cavity is excited, the exciting power 
I’emaining constant while its frequency varies over a limited range in 
the vicinity of the resonance freciuency, the field strengths in the cavity 
will show maximum amounts at I'esonance and a decline as soon as 
the (exciting frequency deviates from this position. This behavior is 
similar to that of lumped resonance cii’cuits. The relative amount 
of this decline at a given frequency deviation is connected with the 
cavity’s quality figure corresponding to the particular resonant field 
in quest ion. With an inductance coil the Q value is defined as lcoL/R, 
ooo being th() angular resonant frecpiency, L the coil’s inductance, and 
R its series resistance. Multiplying denominator and numerator by 
the r.m.s, current / flowing through the coil, we note that LP is the 
enei-gy contained in the coil’s magnetic field and RI^ the power dis- 
sipated in the coil’s wire. An entirely similar definition may be 
given of the Q value corresponding to a definite cavity resonance. 
It may be obtained as the ratio of the cavity’s electromagnetic-field 
energy multiplied by the resonant angular fi equency o)o to the dissi- 
pated power in the cavity’s walls. The denominator of this ratio 
being proportional to the ratio coo/mo ii^ which /xq denotes the same 
coefficient as in Eq. (IV. 1.11a) and the numerator being proportional 
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to po, according to Eq. (IV. 1.11c), we may write: 

Q = ^^Qo. {lY. 2.22a) 

Mo 

The reduced quality figure Qo is exclusively dependent on the geometric 
shape of the cavity and not on the material of its walls or on the medium 
in its interior, its dimension being a length (cm). (Considering a cube 
of face a, we have; 

/— a ^011 

Xoii = aV2 and Qo 

() ()V2 


In the case of a sphere we obtain with I'-Al resonance: 

r X 


X = 2.28r and Qo = 
and for T-E resonance; 

X = 1.40r and Qo = 


2.7() 6.80 

X 

2 ’ 8 ' 


Thus the quality figure of a cube corresponding to T-M resonance 
for a face equal to a sphei-e's diameter is lower than that of the sphere, 
whereas t.he quality Qo with T-E resonance of the sphere is the best 
of these three. As to the multiplier of Eq. (a), this may be 

written as; 


coodoO- _ 2 _ 5 X 10"^ 

Mo do y/\ 


(IV.2.226) 


in the case of copper walls and air as a dielectric medium inside the 
resonator, X being the resonant wavelength in cm. At decreasing 
resonant wavelengths the (quality figure Q, obtainable with a definite 
cavity and field pattern, will thus decrease. Comparing the above 
equations for the Q figure of cavities with the Q of Eq. (IV.1.23gf) in 
the case of a resonant coaxial line, it is seen that the present values 
may be larger because of the ratio a/Vx of that equation being smaller 
than Vx/2.8, if a is smaller than X/2.8, which is necessary for the 
validity of Eq. (lY.l.23g). (Generally the Q figures of a given cavity 
corresponding to the lowest suffixes of resonance are higher than those 
with higher suffixes. 

References: 18, 70, 810, 392, Jfi3. 
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IV.2*23. Cavities serving as coupling elements. Some simple ex- 
amples of resonant lines serving as coupling elements have already 
been shown in section IV, 1.24. A further example is shown in Figure 
98a. A quarter-wave line is used here as a variable coupling element 
between the antenna line and the input electrodes of the first amplifier 
tube of the receiver. The equivalent lumped circniit of Figure 98a is 
shown in Figure 986. The capacitance C of the figure is given by: 


2C = Ct + 


2Trl X 


sin“ 



2_id _ 1 

X LoC tZo 


I being the length of Figure 98a, Zo the wave impedance of the line, and 
X the wavelength. In addition to the example of Figui’e 98a in which 



Fig. 98 Diagram a\ Connection of an 
antenna transmission line to a coaxial re- 
sonant cavity of length 1. Diagram 5: 
Lumped circuit corresponding to the 
diagram a, (L being the capacitance per 
unit of length of the coaxial cavity and Zo 
its wave impedance. 


a quarter-wave line is shortened 
by the application of a suitable 
capacity C at its open end, con- 
sider a resonant coaxial cavity in 
which this shortening process has 



Fig. 99 Resonant cavity of dimen- 
sions a, h, and I which arc small com- 
pared with one-cpiarter wavelength, 
with a ca{)acitance between the top of 
the central stem and the top cover of 
the cylindrical cavity. Tliis capaci- 
tance may be made adjustable. 


been extended so as to obtain an axial length small compared with 
one-quarter wavelength (Fig. 99). This cavity may be regarded as 
being intermediate between a lumped resonant circuit and the cavities 
of the preceding sections. Its inductance is: 

L = 4.60/ X henry, (IV.2.23a) 
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while its series resistance works out as : 

^ “ PO f 1 + -) + — Igio -! ohms, (IV.2.236) 

I27r6 \ a/ TV a] 

Po being given by Eq. (IV. 1.11c). From these equations the quality 
figure Q = cooL//2 Ls obtainable directly, if required, as is the resonant 
impedance measured at the terminals of the lumped capacity C at the 
end: Zrcs = L/CR. As with coaxial lines, an optimal value of Q is 
obtained if 6 = 3.6a, while the optimal value of the ratio b/a corre- 
sponding to a maximum resonant impedance Zres i« dependent on the 
ratio l/b thus: 


Ijh 

0 

0 25 

0 5 

1 0 

[hja) opt 

9 2 

10 1 

11 0 

12 S 


The case of l/b = 0 corresponds to the optimal value b/a = 9.2 men- 
tioned previously in the case of a quarter-wave resonant coaxial line 
(see end of section IV. 1.23). The losses in the condenser plates have 
not l)een included in the above Eq. (6). If they are, the optimal value 
of the ratio b/a increases with decreasing ratio l/b between 3.0 if l/b = oo 
and 6.7 if l/b — 0.05 if Q is to be optimal. A constant term po/Stt has to 
be added to the expression (6) in this case. Resonant cavities of this 
type arc suitable at frequencies between, say, 30 and 300 mc/s. Two 
types suitable for push-pull circuits are shown in Figure 100, in which 
means for tuning the condensers simultaneously may obviously be 
provided. 

A further, slightly more involved, type is shown in Figure 101. 
In this the central conductor of the coaxial line connected with the 
antenna is tapped at a suitable height on the central stem of the cavity 
as in Figure 98a, a tuning condenser being provided at one end of this 
cavity similar to that of Figure 99. This resonant cavity’s field is 
now coupled, through holes in a plate separating it from a fuither 
cavity, to the latter’s field. The second resonating cavity is of similar 
type and also incorporates a tuning condenser at its end, supposed 
to be connected to the input electrodes of a receiver’s entrance tube. 

With frequencies from 300 to 10,000 mc/s the resonant cavities of 
the types discussed above have gradually to be replaced by cavities 
of dimensions comparable with the w^avelength, as discussed in the 
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two pre(‘eding sections. Here again similar means of coupling through 
holes and taps with coaxial lines, as well as with wave guides, may 
be devised. At the highest frequencies a surface antenna (section 
1 1 1.2.22) may be coupled directly to a suitable wave guide which in 




Fkj. 100 Two push-pull construe- Fig. 101 Resonant device containing 
tions on the sanu' principle as shown two cavities coupled through holes in 
in Fig. 99, the outer tenuinals being the separating wall. 

1 and 2. 


turn may be coupled directly to a suitable resonant cavity, perhaps 
traversed at the same time by an electronic stream necessary for ampli- 
heation and/or detection purposes. These devices may be treated 
appi'oximately by replacing them for calculation purpases by suitable 
coupled lumped circuits. 

References: 4^, 163 , 403 , 


CHAPTER V 


EXPERIMENTAL DEVICES AND DATA 

Before we embark upon the design of the different reeeiver stages 
it is useful to give a brief exposition of some available experimental 
data on noise, antennas, lines, guides, resonant devices, and electronic 
tubes as well as of the means of obtaining them. This may give the 
reader a general picture as to the orders of magnitude of different 
effects and at the same time guide him in the performance of experiments 
and measurements by himself. 

V.l. Standard Signal Souik es at U.II.F. 

In the frequency range under present eonsidei*ation (0 to 30,000 mc/s), 
standard signal sources are eciually useful for testing and experimental 
purposes as at radio freciuencies. The requirements to be imposed on 
them, as well as the design considerations underlying their construction, 
differ considerably, however, from those at radio frequencies and it 
seems, therefoi*e, useful to devote some space to their discussion. 

V.1.1. General requirements. For many purposes standard signal 
generators at u.h.f. have to meet similar requirements, some of which 
will be described here. 

V.1.11. Voltage, frequency, and modulation. The open-circuit u.h.f. 
output voltage should be adjustable between about 0.1 microvolt to 
100 millivolts, Avith the additional possibility of obtaining one single 
fixed larger output voltage of, say, 1 volt. The former output voltages 
should be obtainable with a pui’ely real output impedance, looking 
into the output terminals, of some 70 ohms, preferably invariable 
throughout the generator’s frequency range but, if variable, being so 
in a definite way. At 100 mv the available output power is thus about 
0.036 milliwatt. At the large output voltage the internal output 
impedance should not exceed, say, 500 ohms, thus obtaining an available 
output power of about 0.5 milliwatt. These output voltages should 
be measurable within about 5% of the nominal value. 

158 
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The frequency should cover the entire range mentioned above in 
several and preferably not too many steps. At the highest frequencies, 
above, say, 1500 mc/s, a continuous adjustment of output frequency 
becomes increasingly difficult to obtain. In this upper range a number 
of fixed frequencies suitably chosen will, in many cases, cover present 
requirements. The output voltage should be as free as passible of 
harmonic frequency components, the total harmonic content not ex- 
ceeding about 3%. If a certain frequency is adjusted on the scale its 
true value should differ less than liy 5 X 10“^ times the nominal fre- 
quency from the latter value. Besides a piimary adjustment of fre- 
(piency, a secondary adjustment, varying tlie output frequency up to 
about 2^y '( , should be possible. 

Three kinds of modulation are generally re(iuiied: AM, EM, and IM. 
With AM the frequency of modulation should be continuously variable 
from about 50 c ^s to 100 kc's with an also continuously variable degree 
of modulation up to about 80%. The reejuired available modulation 
power to achieve the maximum modulation should not exceed about 
0.25 watt (e.g., 24 volts across 000 ohms). If the modulation-fre- 
ciuency input voltage is constant, the degree of modulation should not 
vary by more than al)out 10% throughout the u.h.f. lange of the 
standard generator. S])ecial requirements must be imposed on distor- 
tion of modulation and upon undesirable modulation by hum and other 
disturbing sources. Finally the undesirable EM accompanying AM 
should be less than about 10~^. 

With EM aj)plied to the standard generator, the modulation fre- 
(piency should be up to about 20 kc 's and the fre(juency-swing up to 
about 1(X) kc/s at output freciuencies above 100 me s. The recpiired 
modulating voltage across (>00 ohms should not exceed about 0.3 volt 
for each kc ^s swing. LOistortion of modulation should remain below 
2%, at 50 kc/s. 

With IM the impulse duration should be allowed to vary between 
0.5 and 10 mi(‘roseconds at modulation frecpieiKues between 50 c/s and 
20 kc/s. Tlie maximum width of the fiequen(*y band allotted to 
these IM signals should be about 2 mc/s. At the interruptions the 
remaining output voltage should not exceed 10% of the maximum 
output voltage. 

It is obvious that the standard signal generator should contain 
suitable means of measuring and adjusting the respective items men- 
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tioned. A complete outline of further subsidiary requirements would 
exceed the scope of this section. 

References: 129, 135, 139, 269, 389. 

V.1.12. Stability of performance. Several undesirable and often 
uncontrollable effects may impair the stability of fr‘equen(\y as well as 
of output voltage. Some of these causes and the necessary limitations 
to be put on their effects will be discussed here. The main causes of 
variations are: variations of supply voltage and variations of tempera- 
ture. If one of these items shows a variation of 10%, the other re- 
maining unaltered, the ensuing variation of output voltage should not 
exceed 10%. The ensuing variation of output frequency should not 
exceed 10“^ of the nominal frequency at 10% supply-voltage variation 
and not exceed 10~^ at 10% variation of ambient temperature. Even 
if the latter is constant, the temperature of the standard generator, 
when in continuous operation, will gradually increase. The ensu- 
ing frequency variation after 1 hour of continuous operation 
at constant supply voltage should not exceed 10“''' of its nominal value 
per hour. 

Even if the standard generator were of perfectly stable performance, 
the receiver or other device to be measured or tested will often not be so. 
In order to insure proper results, every test must therefore be performed 
within as short a time interval as possible. This essential point necessi- 
tates a number of subsidiary reciuiremcmts connected with the standard 
•source. The adjustments of frequency and output voltage of the latter 
must be such that they take very little time to perform. Thus the 
adjustment of frequency may suitably be carried out in two steps, the 
coarse tuning being done by means of a motor and the fine tuning by 
hand. Both means of tuning should be continuously and simultaneously 
adjustable. The indications on dials should be such that quick readings 
can be taken. The output voltage should require little or no readjust- 
ment, being automatically given the required value upon changing 
over from one frequency range to another. 

In seme cases the constant-frequency requirements will entail the 
use of thermostats for frequency-controlling elements such as crystals 
or resonant devices. Such thermostats should then be incorporated 
in the standard generator. 

In order to afford mechanical stability during transport the entire 
construction of the standard source should be of proved rigidity, at the 



SCREENING AND SHIELDING 


161 


same time not unduly hampering the dissipation of the heat generated 
in its t\ibes and resistive elements. 

The required output up to about 3000 mc/s may suitably be shaped 
as a coaxial line of wave impedance of about 75 ohms. This output 
line should be of slight attenuation and rigid construction so as to 
prevent its twisting out of shape. At higher frequencies the output 
may take other shapes such as a small dipole antenna or loop of suitable 
design to be used in connection with proper wave guides. These output 
elements should also not be lacking in rigidity. 

Finally, care should be excercised to avoid the undesirable effects of 
moisture. • 

References: 53, 129, 135, 139, 156, 186, 256, 257, 269. 

V.1.2. Design considerations. The design of standard signal sources 
in the frc(|uency lange under discussion entails a number of consider- 
ations different from those governing such sources at radio frequencies. 
As some of these considerations are involved in most (experimental work 
at u.h.f., discussi(ui of them seems useful h(a(‘. 

V.1.21. Screening and shielding. At the pr(‘^(mt u.h.f. the depth 
do of penetration into metallic surfaces is so small that no h.f. power is 
transmitted through metal screening walls of reasonable thickness. 
Thus all spurious h.f. power must pass thi’ough slits and holes 
between or in such walls. C'onsidering slits as pictured in Figure 102a, 
the voltage across the slit is obtained by multiplication of the a.c. 1 
flowing on the inner wall-surfaces by the impedtince Z across the slit. 
This impedance may often be represented by a resistance R in parallel 
to a capacitance C. The simple equivalent lumped circuit is shown 
in Figure 1025. The available spurious signal ]R)W(U' at the slit is 
obviously: 

[r-l (1 + orCrif) \l\''R 

“ 4/e " 4 ■ 

In order to reduce this power as much as possible, / being given, R 
should be reduced. This may be achieved by introducing ground and 
polished faces at such slits and pressing the two parts together by a 
sufficient number of closely spaced bolts. Experience has proved that 
such measures, if carefully applied, may be successful. In some cases 
it may be advisable to use double screening as indicated in Figure 103a. 
Ill this case the equivalent lumped circuit is shoum in Figure 1035, the 
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inductance L and capacitance C being shown in Figure 103a. If the 
moduli of Zi and Z 2 are small compared with the series impedance of 
the antiresonant combination LC, this double screening results in a 




J ^ 




b 


Fig. 102 Diagmm a : Shielding 
by means of a im'tal box with 
cover separated by a narrow slit 
of over-all impedance Z. The 
equivalent lumpc^d circuit is 
shown in the diagram }>. 


Fig. 103 Diagram o : Double shielding box 
with two coiLsecutive slits, the effective in- 
ductance and capacitance of the interspace 
between the boxes being indicated by L 
and ( ' respect ively . The equivalent lumped 
circuit is shown in diagram b. 


much lower available spurious power across the outer slit. In certain 
cases, however, if antiresonance of L and C occurs the efTects may be 
detrimental. Besides slits of this kind, the bearings in metal walls 




Fig. 101 Diagram a: Shielding of an axis penetrating a double shielding box by 
means of an interruption and an insulating link of imp(‘dancc Z. Diagram 6 shows 
the equivalent lumped circuit (Figs. 102-110 see referenc.e 2()9}. 


used for the axes of switches and condensers are other examples of slits. 
In these cases double screening may be applied as pictured in Figure 
104a, the equivalent lumped circuit being indicated in Figure 1046. 
The two metal sections of the axis in Figure 104a are interlinked by an 
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insulating part as shown, of impedance Z. This insulating part will in 
most cases be constructed of somewhat elastic material. The screened 
inner spaces must in any event be easily accessible. Hence bearings 
as shown should not be designed so as to penetrate removable metal 
covers or lids. A further point is the provision of sufficient outlets for 
the heat dissipated in the screened spaces. 




Fk;. lOo Diagram a: Low-pass filter circuit. Diagram }>\ Mutual inductance M 
between the mazes or /and series inductance L of the cajiacitances make the filters 
iuefTective at u.li.f. l^iagram r: C^mstruction of capacitance^ incorjwirating the 
lnductancl^s L\ and L * hut avoiding the inductances L and M of diagram b. Notation: 
a, conducting electrodes; b, insulating strips; (, jiart of compartment wall. 

Besides sci*eening of inecluinical junctions as shown, the supply 
lines of mains and modulation power must also be properly scieened. 
This is mostly achieved by means of low-pass filh'r circuits as shown 
in Figure 105ff. Care should be exercised to avoid mutual inductance 
or series inductance at the capacitances as indicated in Figure 1056. 
In these cases the low-pass properties are ineffective at u.h.f. The 
capacitances of the low-pass filters may be (‘onstructed as shown in 
Figure 105c, incorporating the inductances Li and Lo of Figure 105a. 
The parts a of Figure 105c act as metal condenser plates together with 
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the screening wall c between filt-er compartments, whereas b indicates 
insulating parts. The shape of a multi-section filter unit is shown in 
Figure 106, the inductances being placed inside separate screened 
compartments. A general picture of a doubly screened complete 



Fio. lOf) Over-all picture of a three-maze filter network 
according to Fig. 105a. 

standard signal generator is shown in Figure 107. Even the switches 
and instruments on the front panel are effectively screened. 

The effect of spurious signal voltages ensuing from inefficient shielding 
on the desired output signal voltage is shown by Figure 108, curve a 
indicating the output voltage as dependent on attenuator adjustment 
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Fig. 107 Over-all diagram of standard signal generatoi- showing its principal 
parts including low-pass filters. 

without spurious signal, tlie latter voltage being shown by the dotted 
horizontal curve. If the spurious voltage is in phase with the desired 
voltage curve b results; if it is counterphase curve c shows the resulting 
output voltage. 

References: 269, 361, 402 , 403. 
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Fig. 108 Influence of spurious output voltage on over-all output volts of generator 
(vertical scale) as dependent on attenuation. Line a: Without spurious voltage. 
Curve h: With in-phase spurious voltage. Curve r: Witli cf)unterpliase spurious 

voltage. 


V.1.22. Oscillator design. If we use direct oscillator stages (excluding 
superheterodyne circuits) the range of 6 to 300 me s may be covered in 
several steps by the use of proper circuits with lumped inductances and 
capacitances. A useful push-pull circuit is shown in Figure 109, Va 
indicating the anode supply voltage, the cathode heater circuit being 
omitted. If the lumped LC circuit is re- 
placed by part of a suitable transmission 
line or by a resonant cavity, a similar 
circuit may be effectively used up to about 
2000 mc/s. The change-over between the 
different ranges obtainable with a single 
inductance by variation of the tuning 
capacitance necessitates interchangeable 
coils. A construction by which this is 
achieved is shown in Figure 1 10, the coils 
being arranged along the circumference of 
a circular wheel, motioned by a clicking 
mechanism as shown in the upper and lowei* 
part indicated by c and h, c being the axis 
of the driving disk. The coils not in use 

are automatically short-circuited in order to avoid spurious resonance';. 
The coil-wheel itself has two bearings /i and/ 2 , the upper one of whii‘h 
is pressed onto the wheel by means of the metal spring g. Upon removal 
of this spring the entire wheel may be lifted out of its shield. The 
double tuning condenser a with its axis b may be connected to eacdi 
coil in turn by means of two contacts as shown. The coil-wheel c is 



Fi(i. 109 Schoiniitic diagram of 
push-pull oscillator stage. 
Tank circuit L,(\ Bias resis- 
tors H. Capacitive feedback. 
Anode su})ply voltage 
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entirely shielded by a suitable cast-metal box d. The entire tube circuit 
is mounted on this box and thus forms a rigid unit together with the 
coil set. The gears and bearings connected with the condenser ad- 
justment are kept in their proper positions by suitable spring action, 

thus avoiding any backlash. In 
this way the oscillator frequency 
may be adjusted within a few 
hundred c/s even at 300 mc/s. 
The condensers of Figure 110 are 
each of 12 to 50 pF, the Q of 
the coils at the said frequency 
being about 100 and higher for coils 
used at lower frequencies. 

It is essential that leads connect- 
ing tube, condenser, and coil temii- 
nals be as short as possible to 
avoid any additional unnecessary 
inductance. The resonant sections 
of transmission lines to be used 
at frequencies above 300 me s may 
be bent along a circular circum- 
ference so as to allow easy adjust- 
ment of their length by means of 
a ceiiti*ally driven short-circuit slide. 
Owing to the requirements of 
stable operation, the power gen- 
erated by the oscillator proper 
must be much in excess of the 
small power finally available at the 



Fig. 110 Multiple-coil unit and tun- 
ing condenser of signal oscillator. 
Notation: a, tuning conden.ser; b, axis 
of t.c.; c, axis of motional disk of coil- 
whe^l; d, container box of coil-wheel 
(cast-alloy); e, coil-wheel; /i and / 2 , 
bearings of coil-wheel axis; g, metal 
spring; h, clicking mechanism of mo- 
tional disk c. 


output of the standard source. 
Such a relatively high level of generated power permits very loose 
coupling to subsequent stages, thus reducing the effects of feedback 
on the operative data of the oscillator stage. At the highest frequencies 
of the range in (juestion (i.e., from 2000 to 10,000 mc/s) only relatively 
slight adjustment of the generated frequency is often contemplated, the 
oscillator stage being for the main part of fixed frecpiency. The use 
of suitable magnetrons or velocity-modulated tubes at these frequencies 
makes the necessary oscillator power readily available, several deca- 
watts being obtainable even at 30,000 mc/s. As an example we may 
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cite an actual generator having a range of 2700-4200 mc/s using a 
velocity-modulated tube. 

The generated voltage at the output of the oscillator stage must be 
measured at least on a relative scale in order to afford the povssibility 
of its adjustment to a definite level. This aim is generally achieved by 
connecting a suitable diode or crystal detector acrass the output, using 
a suitable m ill i voltmeter on the front panel as an indicator. At the 
lower frequencies, up to about 600 mc/s, this instrument, together 
with the diode circuit, may easily be caliV^rated to an absolute scale; 
with appropriate care, this may be extended to about 1500 me/s. At 
higher frequencies the absolute calibration calls for separate means, 
such as an electrostatic voltmeter of suitable design or air-expansion 
milliammetcrs with high-resistance heating wires. 

References: 5, 53, 91, 142, 156, 199, 238, 269, SOI, 320, 352, 357, 361, 

375. 

V.1,23. Modulator and attenuator stages. In order to avoid frequency 
drift of the oscillator stage and ensuing FM, the AM is in most cases 
carried out in a sepai’ate stage, sufficiently loose coupling being applied 
between this modulator and the oscillator stage. In Figure 107 this 
coupling is schematically indicated by a variable condenser called an 
attenuator . The modulator tube is in Figure 107 pictured as a tetrode, 
the modulating voltage being applied to the screen grid, the control 
grid, or the anode. Feedback of the modulator stage .should be avoided 
by proper screening or/and by neutralization. By suitable design 
this modulator stage, which need not have any appreciable amplifica- 
tion, may be made to operate satisfactorily up to at least 1500 mc/s. 
At its output an attenuator affords a means of obtaining the lowest 
output level required. The electronic noise of the modulator tube 
may be suppressed relative to the inappreciable noise ensuing from 
the oscillator stage, even at the lowest output levels, by a suitable 
inc'rease of the oscillator voltage at the modulator input and by applying 
additional attenuation at its output. The gain of the modulator stage 
as well as the adjustments of the attenuators determine the output 
signal level of the standard source. Thus this gain must be checked 
and properly adjusted from time to time. A special low-frequency 
voltage source is in some cases provided to achieve this checking by 
measuring the modulator performance as a l.f. amplifier, whereupon 
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adjustment by bias variation of the control grid affords a means of 
obtaining the desired gain (or rather loss). 

With FM at the lower frequencies up to about 100 mc/s a common 
reactance tube circuit suitably coupled to the ascillator circuit may 
achieve the desired aim. An example of such a reactance circuit is 
shown schematically in Figure 111. Under proper conditions the 
impedance between the terminals of this circuit is equivalent to a 
resistance 1/F in series with an inductance RC/Y, Y being the tube’s 
transconductance. By variation of its grid 
bias this transconductance may be varied and 
thus an equivalent variation of the inductance 
is obtained. This variation causes a corre- 
sponding variation of frequency at the oscillator 
stage. It should be mentioned that the rela- 
tive variation of frequency (i.e., the swing) is 
small compared with the frequency of oscilla- 
tion above, say, 100 mc/s. Hence only a rela- 
tively slight variation of the oscillator circuit’s 
reactance is necessary here. At the higher part 
of the oscillator frequency range a suitable fre- 
quency modulation may be produced by super- 
position of a proper modulation voltage on the oscillator’s anode supply 
voltage. By careful design the AM accompanying the resulting FM 
may be limited. 

With IM according to the requirements of section V.1.11 a revised 
AM system as described above may be used, the impulsive modulation 
voltage being applied to the modulator tube, thus varying its gain 
accordingly. In order to comply with the desired band width of 2 mc/s 
corresponding to the lowest impulse duration of 0.5 microsecond, 
special design of the modulator circuit is required. 

Attenuator stages at the present u.h.f. are mostly of capacitive type. 
An example is shown in figure 112. One fixed plate ai and a second 
plate a 2 of variable position are parts of a condenser. The distance 
between the plates may be varied by rotation of a 2 round the hollow 
axis 6. The capacitance between ai and ^2 decreases logarithmically 
if their angular distance increa.ses linearly. Thus a variation between 
1 jpF and 10~^ pF may be readily achieved. In order to obtain a 
constant input capacity of the entire attenuator if viewed from the 
oscillator, a second sim\iltaneously and similarly varied condenser is 



Fig. Ill Example of re- 
actance circuit. Between 
the terminals shown an 
inductance is created, the 
magnitude of which may 
be controlled by biasing 
the grid. 
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used, as shown in Figure 113, C3 being a fixed capacitance, Ci being an 
attenuator according to Figure 1 12, and C 2 a similar variable capacitance 
coupled mechanically to Ci. At frequencies above 500 mc/s the at- 
tenuator of Figure 112, instead of being designed for circular motion, 
is in many cases built for straight motion, the two adjacent plates 
being mounted inside a cylindrical tube. The lateral dimensions of the 
attenuator should be properly chosen at these frequencies subject to the 



Fig. 112 Example of 
u.b.f. attenuator. Tlio 
capacitance between the 
electrodes ai and a 2 de- 
creases logarithmically in 
dependence on their mu- 
tual angular distance. 
The output voltage V 2 
thus decreases logarith- 
mically at a constant in- 
put-voltage level V 1 . 



Fig. 113 Attenuator cir- 
cuit creating an invariable 
input impedance if viewed 
from the left pair of termi- 
nals. (\ is a fixed capaci- 
tance while Cl and r 2 are 
equal and variable accord- 
ing to Fig. 112, their mo- 
tion being coupled me- 
chanically. 


condition of being small compared with one-quarter wavelength. If 
this condition is not satisfied the radio-frequency calibration of the 
attenuator is no longer valid at the required u.h.f., and intricate if 
not unreliable subsidiary calibrations become necessary. 

References: 86, 119, 135, 197, 269, 318. 


V.1.3. Measurements of gain and of noise figure. Using u.h.f. 
standard signal generators as con.sidered above, the gain and noise 
figures of reception stages may leadily be measured. Such measure- 
ments and some data thus obtained will now be dealt with. 

V.1.31. Measurements of gain. Measurements of gain are usually 
required in connection with either amplification or mixing stages. 
With amplifying stages the frequency connected with the output power 
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is equal to that of the input power. With mixer stages the frequency 
at the output is in general different and often much lower than the 
frequency at their input tenninals. In both cases it should be observed 
that the gain figure does not depend on the input impedance of the 
subsequent stage to be connected to the output terminals of the stage 
in question. This may be concluded from the definition of the gain 
of a four-terminal device as being the ratio of its available output 
power to its available input power. Neither of these powers depends 
in any way on the input impedance of any subsequent stage. Hence 
we may adjust this input impedance to any value convenient for meas- 
uring purposes. For instance, it may be made equal to the purely 
real output impedance of the standard signal generator, often in the 
vicinity of 75 ohms. 

Dealing with amplifier stages first, we shall assume that the input 
impedance of the subsequent stage, being either another amplifier 
stage or a mixer stage, is adjusted so as to be equal to the standard 
signal generator’s output impedance. The receiver is then connected 
with its input terminals to the output of the standard signal generator, 
without making any adjustments at this connection. The output- 
voltage level of the generator is chosen so as to yield a clearly legible 
signal on an indicator at the receiver’s output. With an AM receiver 
the standard signal generator is given AM well within the range of 
reception. With an FIM receiver, proper FM is imparted to the standard 
signal generator. Care should be taken that the AM or the FM is 
such as to allow undistorted reception. When this is done, the output 
of the first stage is adjusted until at a fixed generator voltage and 
modulation level an optimum indication is obtained at the output. 
This is where the conditions of undistorted operation come in, insuring 
that an increased indication corresponds to a more favorable adjustment 
of output of the stage in question, imparting a larger proportion of its 
available output power to the subsequent stage. The means of ad- 
justment, mainly consisting of a low-loss transformer — e.g., incorporat- 
ing a quarter-wave line section (see sections IV. 1.22 and 24) of proper 
wave impedance — should be such and of sufficient range that the mast 
favorable adjustment may indeed be achieved, i.e., that the total 
available output power of the stage under discussion is transferred to 
the input of the subsequent stage. It may not always be easy to make 
sure that this condition is satisfied to a reasonable approximation but 
this is essential to the measurement. 
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When this condition is satisfied, the corresponding output indication 
of the receiver is noted. Thereupon the output of the stage in question 
is disconnected from the input of the subsequent stage and the standard 
signal generator's output is connected to the latter. No further ad- 
justment is required in this connection, as both pairs of terminals are 
already of matched impedances, as mentioned at the start. The 
attenuator of the standard signal generator is then adjusted so as to 
obtain indication at the receiver's output exactly equal to that obtained 
previously with the first stage in pasition. The ratio of the second 
to the first attenuator reading represents the gain of the first stage in 
question, provided that these attenuator readings are in power terms. 
If they are in output-voltage terms the ratio of the readings has to be 
squared in order to obtain the gain figure. The proof of this procedure 
is almost trivial, as we have acted exactly in conformity with the 
definition of gain, the ratio of the attenuator readings (if in terms of 
power) being equal to the ratio of available output power to available 
input power of the stage in question. The gain figure thus obtained is, 
of course, not the optimum gain obtainable with the stage in question. 
This optimum gain involves matching of the stage's input to the output 
of the standard signal generator. In many u.h.f. receivers this matching 
is already approximately present, the stage’s input being matched to 
the output of a coaxial transmission line of approximately 75 ohms 
wave impedance. 

Several variants of the procedure as outlined are available. To 
mention one of them: Adjust the input of the stage in question to 
the output of the standard signal generator until a maximum indication 
at the recei\Tr's output is obtained. Proceed in the same way with the 
output of the first stage in question and the input of the subsequent 
stage. Note the indication. Then disconnect the first stage, connect 
the standard generator's output to the input of the subsequent stage, 
and readjust the latter input until maximum indication at the receiver's 
output is reached. Adjust the generator's attenuator until the noted 
indication is reobtained. The gain is the ratio of the latter to the 
former attenuator readings (in terms of power). This procedure is, 
however, slightly more involved than the preceding one, and so are 
most other procedures. 

If the stage in question is a mixer stage, the entire procedure as 
outlined remains exactly the same, with one single exception. When 
the standard signal generator is connected to the input of the subsequent 
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stage its frequency has to be adjusted to the carrier frequency of that 
stage, usually indicated as intermediate frequency. If this inter- 
mediate frequency is so low as to be outside the range of the standard 
signal genera toj’, a second such generator has to be used, the modulation 
of which must be adjusted to exactly the same degree and properties 
as those of the first one. In addition, its output impedance should 
also be adjusted to exactly the same value as that of the first one, while 
the absolute (not only the relative) output levels of both generators 
should be exactly known so as to make comparison possible. 

The relative calibrations of the attenuators of both generators may 
easily be checked with the aid of the receiver and its output indicator 
by connecting first the u.h.f. generator to the input of the first u.h.f. 
amplifier stage and then the second intermediate frequen(‘y generator 
to the input of the first i.f. stage. Upon variation of attenuator readings 
of both generators correspondingly and comparing the resulting output 
indications of the receiver, their ecjuality may be checked. Automatic 
volume control (a.v.c.) has to be put out of operation when performing 
these measurements. 

If reception antennas of horn type in conjunction with wave guides 
and resonant cavities are used, the measurement of over-all gain of the 
h.f. entrance stages of a I'cceiver including its antenna may be carried 
out as follows. First, a standard signal generator or other suitable 
signal source is connected to a small dipole or half-wave antenna, situated 
in the direction of optimal response and having optimal polarization 
with respect to the receiver, the distance being larger than, say, 10 
wavelengths. The specific radiation power p at the reception antenna 
may then be easily calculated. Second, a suitable standard signal 
generator of equal modulation is connected to the input terminals of 
an intermediate frequency stage of the receiver and adjusted until 
equal output is obtained as in the fust case. From both figures (specific 
power p in the first and available power Pa in the second case) the gain 
of all stages preceding the input may readily be obtained, if a reasonable 
estimate is made of the effective surface Se of the reception antenna. 

References: 66 j 129, 130, 227, 

V.1.32. Measurements of noise figure. The definitions of noise 
ratio as well as of noise figure involve linear reception stages. It is 
therefore essential that the non-linear stages of a receiver should be 
discarded. This applies especially to the second detector or lei'tifier 
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stage. The output of the last i.f. stage preceding the detector stage 
may then be selected for the connection of an indicator which should be 
responsive to r.m.s. values as exactly as possible. A thermoammeter 
will in many cases be suitable. In what follows such an indicator 
will be assumed at this position or at the output of any suitable preceding 
linear reception stage. First, the standard signal generator is connected 
with its output to the input terminals of the receiver’s entrance stage 
with its oscillator out of operation, e.g., with the mains switched off. 
The receiver’s a.v.c. is put out of action and the manual volume control 
is adjusted so that a well-defined reading is obtained at the output 
indicator. This reading obviousl}^ provides a relative measure for the 
receiver’s available output noise power including all the stages preceding 
the output mentioned and at the selected position of the volume control. 
Evidence should be obtained that the output indication corresponds 
to random noise and not to hum. 

Now the standard signal generator is switched on without modulation, 
its frequency being adjusted until an optimum output reading is ob- 
tained, while its level attenuator is brought to such a position that the 
previous output reading (i.e., with oscillator switched off) is exactly 
doubled (assuming the readings to be proportional to the squares of 
r.m.s. values). The generator’s output voltage corresponding to this 
reading being V and its output resistance R, the available power at its 
terminals is = V’^/AR and this available signal power is obviously 
exactly equal to the available input noise power P^i corresponding to 
the previous (i.e., the first) output reading. Upon division of Psi by 
KTB, the noise figure N of the receiver stages under consideration is 
obtained. The ecpii valent band width B of this succession of stages 
may be obtained by variation of the generator’s frequency while keeping 
its output at a constant level, preferabl}^ such that the resulting output 
reading has at its peak many times the value of the first reading with 
the oscillator switched olT. A curve may then be drawn giving the 
gain on a relative scale versus frequency. At the declining ends of 
this ciiiwe a correction corresponding to the inevitable noise indication 
must be applied to the output reading before obtaining the relative gain 
curve from it. Addition of signal and noise is here again such that the 
resulting reading is equal to the signal reading plus the noise reading, if 
the readings are proportional to the square of the r.m.s. output current 
(or voltage). From the relative gain-versus-frequency curve the value 
of B is obtained by graphic integration upon application of Eq. (11.2, 1 16). 
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By application of an automatic sweep to the oscillator frequency (i.e., 
of a suitable FM ) coupled to the sweep electrodes of a cathode ray tube, 
the gain-versus-frequency curve may be viewed directly on the lumines- 
cent screen. The generator's output resistance being at room tempera- 
ture r, the receiver’s part of the noise figure N thus obtained is N-l. 

We may also measure the noise figure of the reception antenna at 
various orientations and positions. To effect this the antenna has first 
to be attached to the receiver input terminals by using the means pro- 
vided for this purpose. An output reading is then obtained at a definite 
adjustment of the manual volume control. This output reading 
obviously corresponds to the noise captured by the antenna and the 
receiver noise together. The antenna is then disconnected from the 
receiver’s input terminals and the generator output connected to them, 
whereupon its level is adjusted so as to double the previous reading. 
The resulting noise figure A, obtained by division of the available 
generator output signal power by KTB, is equal to the noise figure of 
the receiver as measured by the above procedure plus the ratio Ta/T 
corresponding to the noise figure of the antenna according to the first 
definition in section III. 1.22 (see Eq. c of that section). The value Ta 
represents the effective noise temperature of the real pai't of the an- 
tenna’s impedance at the terminals which are to be connec'ted to the 
receiver’s input terminals (i.e., the output terminals of the transmission 
line connecting antenna and receiver). AMth a propcsly matched 
low-loss line this temperature is approximately ecpial to that at the 
antenna’s output terminals. If we want to measure the antenna’s 
noise figure corresponding to the second definition of section 111.1.22, the 
standard signal generator has to be connected to the input terminals 
of a suitable transmitting antemia radiating toward the reception 
antenna in question. 

By disconnecting successive stages of the receiver the noise figures 
of each of them may be obtained by application of the same procedure. 
In some cases it may be necessary to measure at least two successive 
noise figures in order to obtain the figure for a particular stage. This 
is especially true if the stage gain in question is not large compared with 
unity or if the subsequent stage has a noise figure large compared with 
that of the stage in question (see Eq. II.2.13c). As to the band width 
B obtained by the above procedure, this is obviously the over-all width 
of the succession of reception stages. If the bands of the last stages 
in the succession should be much wider than those of the first stages, 
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some confusion might arise as to the origin of the noise measured. 
To avoid this, the bands of the last stages should preferably be some- 
what narrower than those of the first ones while centered round the 
same frequency. 

At extreme-high frequencies beyond 3000 mc/s, the receiving antenna 
may be horn-shaped (see section IIL2.22), a suitable wave guide 
being matched to its apex and this wave guide leading to a resonant 
cavity incorporating the entrance tube of the receiver (see Figs. 125 and 
126). In such cases no “input terminals^^ of the receiver\^ entrance 
stage may be indicated unambiguously. A suital)le procedure for 
measuring the receiver’s noise figure in this case is to use a standard 
signal generator or other suital:)le power source connected to a tiny 
dipole antenna or half-wave antenna, having the direction and polariza- 
tion of optimal response of the receiver at a distance of, say, 20 wave- 
lengths. By measuring the receiver’s noise by means of the above 
indicator with the signal source switched off and then doubling the 
indication by adjusting proper signal strength, the specific radiation 
power at the ix'ception antenna may be calculated and thence, by 
multiplication by the antenna’s effective surface area Se, the available 
power at the output of the reception antenna may be obtained. The 
further procedui e is then similar to that outlined above. 

References: S2, 6G, 119, 121, 127, 135, 139, 197, 235, 250, 289, 302, 

320, 391. 

V.2. Impedance and Power Measuring Devices 

Available power and impedance being the main data at the terminals 
of any device, we may argue that a standard signal generator is mainly 
connected with measurements of available power (and of corresponding 
gain figure's ). Thus we need .separate devices in order to carry out 
the desired impedance measurements. 

V.2.1. Devices using lumped circuits. Devices of this kind have been 
successfully applied up to about 300 mc/s. In their application some 
simple principles are involved which will be dealt with fii*st. 

V.2.11. Principles. The measurements are executed by comparison 
of the impedance in question with the impedance of a lumped resonant 
circuit, the impedance being connected in parallel to the circuit’s ter- 
minals. Before this comparison the resonant impedance of the lumped 
circuit itself must be determined. This is carried out by using a simple 
oscillator and a suitable voltage indicator according to the diagram of 
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Figure 114a. If the oscillator is of invariable voltage and frequency, 
the diagram 114a may be replaced by Figure 114b, the oscillator being 
represented by a generator of constant current I and of infinite internal 
impedance in parallel to the coupling capacity Co. Thus it is seen 
that this capacity is merely to be added to the circuit’s capacity C. 
In general it is advisable to make Co small (e.g., some tenths of a pF) 
in order to insure the invariability of the oscillator when detuning the 
circuit capacitance C. By Figure 114b it is seem that the voltage 
measured by the indicator V is equal to /Z, if Z is the circuit impedance 



Fig. 114 Diagram a: Picture of signal oscillator o.sr acting on a resonant circuit 
LCR via a small condenser r«, the voltage being measured by the voltmeter V. 
Diagram h: Equivalent (*ircuit to diagram a, replacing the signal oscillator by a 

curnait generator I . 


between its terminals 1 and 2. As I is constant, V is proportional to 
Z in our case. By detuning the circuit, varying C until the resulting 

impedance is in modulus exactly 1 v 2 tinu's the resonant value, we 
obtain the relation: 

= ~ (V.2.11«) 

cu At 


AC being the deviation of C from its resonant position necessary to 
cause a drop of \z\ to Zrcs/^2 and of course an equivalent drop of 
the voltage V. 

In these measurements two calibrations are necessary: one of the 
variable condenser C and the second one of the voltage indicator V. 
The calibration of C may be carried out at radio or audio frcciuencies, 
and if C is of suitable low-inductance design, this calibration may be 
valid up to about 300 mc/s. The voltmeters are either of the diode 
or of the crystal detector type, a corresponding circuit being pictured 
in Figure 115, D being either a suitable diode or a crystal rectifier. 






PRINCIPLES 


177 


The bias voltage is adjustable and the instrument A is usually a micro- 
ammeter, of about one microamp full-scale deflection and 1000 ohms 
internal resistance. The condenser Ci is usually such that the a.v. at 
the diode’s terminals is equal to the voltage across the terminals of 
the impedance to be measured. The resonant frequency fd of the 
diode (series inductance La of its leads 
its electrodes giving (2Tfd)^LdCd = 1) 


giving 

lumped 


with capacitance Cd between 
must be much higher than 


circuit in 



Fi<;. 11.") Diode voltmeter circuit. 
Notation: D, diode or crystal rectifier; 
/t', Resistor of vsome 0.2 megohms; T, mi- 
croammeter; C 2 bypass, and Ci cou- 
pling capacitance. 


that of the 
question. 

Diodes with fd equal to about 
3000 mc/s have sometimes been 
used (reference 368). C’rystal de- 
tectors of sta]:)le design have been 
used, their internal impedance 
being, however, sometimes as low 
as 30 ohms. In such cases they 
could be used only witli either low- 
impedance circuits or with suitable 
series resistances attached to them 
in order to avoid excessive loading 
of the impedance under measures 
ment. The calibration of the 
diode voltmeters may be carried 
out at audio or at radio frequencies 

by comparison with thermo-indicators and if they are of proper con- 
struction this calibration will remain valid in a relative sense up to at 
least 600 mc/s. In a relative sense this means that the voltage scale 
of the calibration curve will still repre.sent volts at u.h.f. but these volts 
may be such that the scale value has to be multiplied with some multi- 
plier dependent on freciuency. Such a relatively known calibration 
obviously still satisfies the above requirements for the measurement 
of impc'dances. Direct u.h.f. calibrations of diode voltmeters of this 
kind have also been carried out by comparison with indications by 
thermoelectric couples and by thermo-expansion ammeters (see section 
V.2.3) and have confirmed previous observations. Besides, a check 
may be obtained at the frequency in question by determining the shape 
of the impedance-versus-tuning-capacity curve in the vicinity of reso- 
nance from the voltmeter readings and by comparing this experimental 
^hape with the theoretical one. 
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If a standard signal generator as considered in sections V.1.1 and 
V.1.2 is used in impedance measurements, we may dispense with the 
calibrated condenser described above. This generator may then be 
substituted for the oscillator of Figure 114, and by varying its fre- 
quency at a constant output level in the vicinity of the resonant fre- 
quency of the circuit under discussion, its resonance — i.e., impedance- 
versus-frequency cuiwe — may be obtained. If A/ is the deviation from 
the resonant frequency causing a drop in modulus of impedance from 
1 to 1/v^, the resonant impedance is: 


^rea 


47rCA/ 


(V.2.116) 


C being the circuit’s over-all parallel capacity. This is, of course, 
unknown. By adding a known small capacity to C wo may, however, 
determine the corresponding variation of resonance frequency and 
thence the value of C. Thus in a way we still need a calibrated capaci- 
tance with this method. 

When the resonant impedance of the cii'cuit is known, any other 
impedance may be determined by connecting it in parallel to the circuit’s 
terminals 1, 2. Representing the unknown im!)edance by a parallel 
connection of a resistance Ri and a capacitance Ti, the latter is obtained 
from the variation of resonant frecpiency or of the calibrated tuning 
capacity of Figure 114. The value of Ri is obtained from the variation 
of resonant impedance by connection of the unknown impedance to 
the circuit. 

References: 3, 20, 63, 91, 130, 1^2, 199, 228, 238, 243, 244, S20, 331, 

352, 357, 361, 368. 

V,2.12. Examples. The devices to be considered are connected 
with measurements of tube impedances: input impedance (between 
cathode and control grid), output impedance (between anode and 
cathode), transadmittance (from control grid to anode), and feedback 
impedance (from anode to control grid). The apparatus built for these 
purposes covers a frequency range from about 6 mc/s to 300 mc^s. 
The separate parts of the devices were enclosed in adequately screened 
compartments (see section V.1.21), the different compartments being 
interlinked by u.h.f. coaxial lines where necessary. 

By way of examples, the wiring diagrams of devices for the determina- 
tion of output impedance and of feedback impedance are shown in 
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Figures 116 and 117. In these figures, the screened compartments, 
into which the measuring box is subdivided, are indicated by dotted 
lines. The alternating voltages, measured by the diode voltmeters. 



Fig. 116 Arrangement for the measurement of anode admittance in the meter- 
wave range, /t^i, resistance of 1000 ohms; Ze, to transmitter; D\ and D 2 , diode 
voltmeters; C\, C 3 , and C 4 = 2 X 10'* pF] C 2 = 0.1 pF) V 1 , screen grid and V 2 , anode 
supply voltages; C, variable calibrated condenser of 15 pF maximum value. 

range from some tenths of a volt to some volts, according to the circuit 
in use. In Figure 117 the transmitter voltage is connected to the 



Fio. 117 Arrangement for measuring feedback admittances in the meter-wave 
range. Notation; Ze, to transmitter; Di and Do, diode voltmeters; Ci, Co, C 3 , and 
C 4 , condensers of 2 X 10 * pF; resistance 7?i of 500 ohms; Fi, voltage supply of 200 volts; 
1 2 , supply of 100 volts; F 3 , supply of 20 volts; C, variable calibrated condenser of 
15 pF maximum value; L, inductivity of a tank circuit LC, tuned to the frequency 

in question. 

tubers anode and measured at this electrode, while the tank circuit is 
connected to the tube’s input and the voltage at this electrode is also 
measured. The tank circuit serves also as a means of observation 
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and elimination of spurious voltages in this case. Due to very small 
feedback admittances of modern tubes, if properly screened, in the 
wave ranges under discussion, the anode's alternating voltage had 
to be fixed at 3 to 30 volts in most cases, in order to obtain properly 
observable input voltages (some tenths of a volt). Only the modulus 
of feedback admittance is obtained in this way. 

In the determination of transadmittance as regards modulus as 
well as phase angle, the circuit of Figure 118 was used. The trans- 
mitter voltage is connected to the in- 
put in this circuit, while the output 
voltage across a resistance Ro is 
measured by means of a diode volt- 
meter, preceded by a linear u.h.f. 
amplifier, including a mixer stage. 
The resistance Ri and parallel capac- 
ity Cl actually were constructed as 
a tank circuit of suitable resonant 
impedan(*e used in a detuned 
position, connected in parallel to a 
reliably variable resistance of known 
u.h.f. calibration. This tank cir- 
cuit's tuning condenser and parallel 
variable resistance were vaiied un- 
til the voltage across Ro was zero 
with the tube in normal operation. 
Then the tube’s cathode heater 
voltage was switched off and the resonant impedance of the tank 
circuit with unaltered parallel resistance was measured. Let it be Ri. 
If AC is the variation in tuning capacity between both cases mentioned, 
the tube’s transadmittance is JojAC — \/R\. The measuring arrange- 
ment for this purpose, used between 7 and 30 m wavelength, is shown 
in Figure 119, while Figure 120 shows the over-all construction of the 
measuring devices described. 

Special measuring devices were constructed for mixer tubes and 
stages. Here the relevant admittances are: h.f. input admittance, 
transadmittance between various electrodes — e.g., from oscillator 
input to signal input and vice versa, and from signal input to inter- 
mediate-frequency output. As the measurements have to be executed 
under operating conditions, one of the main problems to be solved is 





Fig. 118 Arrangement for measuring 
complex transadmittance from the con- 
trol grid to the anode. Between con- 
trol grid and cathode the apj)licd a.v. 
is Vg. Between anode and cathode the 
a.v. is Fa. The inductance L' corre- 
sponds to the inevitable series in- 
ductivity of the leads to tube and to 
condenser Ci. The resistance R\ con- 
sists of a tank circuit, bypassed by a 
variable calibrated resistance. 
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the separation of alternating voltages of relatively little differing 
frequencies on signal-input or oscillator-input electrodes. This was 
achieved by the use of liigh Q circuits (e.g., resonant cavities). Rather 
elaborate set-ups have been constructed along the lines discussed above, 
as shown in Figure 120. 

References: 129, 143, 180, 256, 257, 290, 299, 352, 355, 356. 



Fia. 119 Over-all picture of the arrangement for measuring complex transadmit- 
tiinces between 7 and 30 in wavelength. The boxes contain: Extreme right: signal 
transmitter. Center left: amplifier. Center right: variable condenser, variable 
resistance, tank circuit, diode voltmeter, and tube to be measured. Foreground 
left : microammeter of diode voltmeter. Right : supply voltage indicator. 

V.2.2. Devices using transmission-line sections and cavities. At 

frequencies above 300 mc/s lumped circuits lose their efficiency owing 
to the inductances of sections of wire and to stray capacitances being 
almost of equal magnitude as the lumped circuit elements. Trans- 
mission-line sections are useful substitutes for lumped circuits until 
their dimensions perpendicular to the axes become considerable in 
comparison with one-quarter wavelength, at which point cavities 
become useful. 

V.2.21. Devices based on quarter-wave resonance. Considering a 
quarter- wavelength section of a transmission line, its resonant impedance 
Zrea may be obtained by a procedure like that outlined in section V.2.11 
in connection with Eq. (V.2.11a). By shortening the length of the 
section in question by an amount Al starting from the resonant length 
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until a drop of the modulus of its open end impedance m the proportion 
of 1 to l/\/2 is obtained we have; 

Rrc, = (V.2.21a) 

27rAZ 

Zo being the section's wave impedance and X the wavelength on the 



Fig 120 Over-all pictuie of arrangement for measuring mixer tubes and stages at 
about 2 m input wavelength and at intermediate frequeneies of 0 5, 1, and 2 me/ 
see The box m the centei consists of S compartments, containing the oscillator, 
the input signal source, tlie oscillator voltmeter, the input signal voltmeter, the in- 
put tank circuit, the tube, the output circuit plus amplifier, and finally, the output 
voltmeter The lower boxes contain the supply sources 

line This equation, like Eq. (V.2.11a), is valid only if Al is small 
compared with X/4. If a resistance is paralleled to the open end of 
the line section in resonance when coupled to a stable oscillator, the 
voltage across this open end will drop in proportion of the new combined 
resistance to Zres^ Thus a resistance may be measured. If a capacity 
C is paralleled to these open terminals the section has to be shortened 
by an amount Ic in order to reobtain resonance and in the case of a 
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low-loss line we have approximately: 


coC = — tan 



(V.2.216) 


w being the angular frequency in (question and X the wavelength. In 
order to carry out measurements of complex impedances conveniently, 
two line sections may be used according to Figure 121. Section 1 is 
always of length (slightly variable by means of a slide) nearly equal to 
one-quarter wavelength. Section II serves as a compensation for the 
parallel capacitance included in the impedance Z under measurement. 
A diode voltmeter is coupled to the tei‘minals of the small loop near 



Fi(i. 121 Schomatic j)ic1ur(‘ of iinpedanco looasurinfi; (l('vi(*(‘ rf)n'-istinK of the lino 
sections 1 and II both provided with a sliding; short-circuit at tlieir far ends, the loop 
/ of a diode voltmeter DV being connected to the slide of the section II. The im- 
fiedance Z under nieasurcmont obtains its voltage from the generator osc via .section 

III. 

the short-circuit slide of st'ction II. The generator is coupled to the 
impedance Z by means of a third suitable line section as shown. The 
limitations of this method may be derived from Kq. {a). As Al in 
Eq. (a) is to be small compared with X '4, the value of Zrcs is obviously 
always large compared with Z„, say, larger than lOZ^. If we connect 
a resistance to be measured in parallel to Zres its value,* in order to 
limit reading errors, should be comparable with Zrcs and hence this 
resistance is also limited to values, say, larger than lOZ^. If we 
connect this resistance to the open terminals by interposition of a 
quarter-wave section of equal wave impedance Z^,, its value is trans- 
formed accordingly (see section IV.1.24) and we find that resistances 
smaller than, say, Zp/10 may also be properly measured. A complete 
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picture of an impedance-measuring device according to the above 
description, of dimensions suitable at frequencies between 600 and 1000 
mc/s, is shown in Figure 122. The three line sections of Figure 121 
are clearly seen in the picture, each surrounded by a circular shield 



P'lG. 122 Photograph of measuring device according to Fig 121 suitable at about 
600 to 1000 mc/s. At the left; Signal oscillator and coupling device. The three 
line sections are clearly shown, each consisting of two parallel conductors shielded 
by a tubular enclosure (reference 


in order to avoid radiation losses and stray coupling (reference ^05). 
Adjustments of the short-circuit slides arc carried out by means of 
micrometer nuts of suitable construction. 

References: 6S, 65, 99, 102, 113, 129, 138, 143, 243, 256, 258, 361, 405. 

V.2.22. Devices based on non-resonant lines. In order to measure 
admittances, the conductive parts of which lie outside the range cited 
above, a parallel-line wave-conductor system has been used in a different 
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way. The method is based on the determination of the reflection 
coefficient F of Eq. (IV. 1.21a) of an incoming wave at the admittance 
in question, connected across the parallel-wire line. On account of 
this reflection a voltage minimum arises at a definite distance in front 
of the admittance. By determining the location of this minimum 
relative to the connection of the admittance in question and from the 
sliape of the voltage curve in its vicinity, the real and imaginary parts 
of the admittance may be obtained. From the diagram in Figure 75 
it appears that admittances, the conductive parts of whicn are either 
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Fig. 123 Measuring device for impedance measurements. A parallel-wire line 
carries two short-circuit slides Ki and a slide provided with two small resistances, 
the sum Rq of which equals the line’s wave impedance, and with a small loop U 
coupled to the signal generator and a slide carrying the diode D. The impedance Z 
is connected to the wires at a distance x from D and at 02 from i^2* 

too large or too small in relation to the wave admittance, may not 
be determined with any accuracy from the measured reflection co- 
efficients. Hence the present method is best suited to the measurement 
of resistances of the same order as the wave impedance. The latter 
lies usually between 100 and about 300 ohms for most parallel lines, 
and hence the range of this method is limited to values of this order of 
magnitude. 

It supplements the former method well, which deals preferably with 
resistances either several times smaller or larger than the wave imped- 
ance. A diagram of this conductor system is shown in Figure 123. 
The oscillator is coupled to the line at U in series with resistances, each 
equal to one-half of the wave impedance, a short-circuit slide Ki being 
placed at a distance (ii, in such manner that this combination, as viewed 
from D, acts as a wave impedance at this end of the line. The impedance 
Z to be measured is connected at a distance 02 from the short-circuit 
slide K 2 such that this combination, if viewed from D, acts as an im- 
pedance, exactly equal to the impedance to be measured, neutralizing 
lead and similar effects. The diode D is moved to a proper distance x 
from Z corresponding to minimum line voltage and the latter is de- 
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termined in the vicdnity of this position. If the minimum voltage is 
V and if its modulus is F V2 at a distance Xi from the minimum posi- 
tion, we obtain the equation : 


(1 - 
i/'’i 



(V.2.22a) 


Hence the modulus |f| is found from this shape of the voltage curve 
in the vicinity of the minimum position. From this modulus, the 
ratio of the corresponding resistance R to Zo may be obtained using 
Figure 75. The phas(' angle xp of F, which is also necessary to the 
determination of the ratio Z/Z^, is obtained from: 


4:TX 


(V.2.225) 


if X corresponds to the nearest minimum voltage position to Z. Thus 
the complex value of F and hence by Figure 75 of Z/Zo is known. 

Many })ractical problems have turned up in the execution of measure- 
ments as descidbed. Not all of these have as yet been solved in an 
entii'ely satisfactory manner. Two points may be mentioned by 
way of example. Diodes of very small j)hysical dimensions have been 
constructed, but still, at the shortest waves (say 20 cm) the necessary 
distance between the line conductors is not sufficiently small (say 2 cm) 
with respect to one-quarter wavelength (say 5 (*m). Neither is this 
true of the dimensions of the surrounding screening case. Hence 
crystal detectors have been constructed with outer dimensions of only 
a few mm and of stable performance, undisturbed by shocks, etc. 
These indicators have a number of advantages — e.g., no heating current 
is needed. But their impedance at the present frequencies is often 
extremely low, say some 10 to 50 ohms, and so no direct connection 
can be made, in most cases, to a line. Loosely coupled detectors, 
however, due to limited sensitivity, necessitate large voltages on the 
line and at the impedance connections. With leception tubes these 
large voltages do not agree with normal operating conditions in many 
cases. Another point is lack of symmetry. In most measurements 
it was found difficult to ascertain exact counterphase voltages at the 
points between which they are measured. This is often due to the 
third conductor — i.e., the surrounding screen — which is not exactly 
at a balanced voltage position with respect to the two line conductors. 

References: 65, 180, 183, 200, 256, 257, 299, 368, 383. 
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V.2.23. Devices based on resonant cavities. These devices may be 

useful in obtaining data pertaining to the dielectric coefficient and the 

loss angle of dielectric media at extreme-high frequencies, as well as 

data pertaining to the interelectrode impedances of special types of 

tubes. As an example of the first type mentioned, we consider Figure 

124, representing the cross-section of a cylindrical cavity resonator. 

At the center of the cylindrical circumference a small coupling loop 

tr is coupled to a transmitter or generator. Opposite this loop a second 

one indicated by rec is coupled to a suitable receiver. By operating 

the generator at the corresponding resonant frequency of the cavity 

a resonant field is created of which . 

the electric-field strength between j 

the plane parallel faces 1 and 2 is - f - ' -i P 2^ y i 

directed perpendicularly to them. j 

The resultant field strength in the 

... j 1 Fia. 124 Resonatinjr cavity coupled 

cavity IS measured on a relative , . , , O u 

. to a signal oscillator: tr and to a volt- 

scale by the receiver attached to the meter device: rec. 

loop marked rec. If the generator 

frequency is varied slightly in the vicinity of resonance until the field 
strength squared measured at rec has dropped by 3 db relative to its 
resonant value, the Q value of the cavity is obtained in terms of the 
frequency deviation Af from the resonant frequency / using the familiar 
equation {2Q = //A/). Now a suitably shaped sample of the dielectric 
medium under measurement is brought between the centers of the 
faces 1 and 2 and the resulting Q value is determined, as well as the 
variation of the resonant frecpiency/. From these two data (variations 
of Q and /) and from the dimensions of the sample as well as of the 
adjacent faces 1 and 2, the values of the dielectric coefficient e and 
of the loss angle 5 may be obtained. Measui ements of this kind have 
been successfully performed up to about 10,000 mc/s. 

At extreme-high frequencies tubes of so called “lighthouse’’ type 
have been used, of which an example is shown in Figure 125. For 
applications of these tubes the equivalent impedances between each 
pair of adjacent electrodes are worth knowing. These may be obtained 
by a method similar to the one outlined above. The tube in question 
is mounted in a suitable resonant cavity 2 as shown in Figure 126. 
In this case the measurement pertains to the cathode-grid impedance. 
The cavity 1 enclosing the* anode-grid portion is of much smaller dimen- 
sions than the cavity 2 and its lowest resonant frequency is much higher 
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than the excited fundamental resonant frequency of the cavity 2. 
Thus conditions approximating a short-circuit connection between 
anode and grid aie obtained. In order to allow 
proper diiect voltages to be applied to anode 
and grid, the cavities 1 and 2 are connected to 
the grid plane 3 by means of suitable ring- 
shaped cai)acitances C as shown. Sufficient 
— grifj capacitance of these connections is desirable in 
order not to impair the resonant Q value of 
D cavity 2. The procedure is similar to the one 

oax&mi: outHiied above, first measuring Q of cavity 2 

/teater with zero heater cui rent and then under several 

selected operating conditions. From the vari- 
Fig 125 Schematic pic- ations of resonant frequency and of the cor- 
ture of lighthouse triodc. responding Q value the equivalent impedance 

between cathode and grid caused by electronic 
emission and motion may be determined. A similar procedure may 
be applied to the anode-grid portion of the tube, intcTchanging the 
cavities 1 and 2. 

References: 65, 99, J04, 144, 203, 223, 290, 330, 392, 394* 



Fig. 120 Cavity 2 connected to the cathode and control grid of a lighthouse triode. 
Cavity 1, being much smaller than 2, is connected to anode and grid. Insulating 
sheets between the cavities and the grid electrode 3 create capacitances C serving 

as blocks. 


V.2.3. Power-measuring devices. In a number of impedance 
measurements not only the impetlance but also information concerning 
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the currents flowing through or the voltages created across those 
impedances is desired. The latter values are in the u.h.f. range almost 
exclusively obtained from the determination, by a suitable measuring 
device, of the power consumed. 

V.2.31. Devices using current heating effects. The heating effects 
to be considered here are: incandescence, variation of resistance, ex- 
pansion of a heated gas volume, and thermoelectricity. The current 
to be measured is in all three cases made to flow through a suitable 
wire of circular cross-section and of known impedance. In order to 
comply with the latter condition the wires must be of uniform structure. 
In many cases the length of the wires will be such as to cause non- 
uniform current amplitudes along their axes. Only if the length is 
very small compared with one-quarter wavelength in air will the current 
be distributed uniformly along the axis of a straight wire. 

If the wire in question is heated to incandescence its temperature 
may be determined by pyrometric means or by activation of a photocell. 
If the current is of nori-uniform distribution this fact will be revealed 
by pyi’ometric inspection. The relation between the local r.m.s. 
current in any spot of th(^ wire and the corresponding temperature 
may be ascertained by a subsidiary check using d.c. For practically 
all purposes the diffeix^nce in heating caused by skin-effect may be 
disregarded (reference 336). From the temperature dependence of the 
wire^s specific resistance, to be obtained from a subsidiary check using 
d.c., and from the current distribution obtained from the temperature 
distribution as s])ecified alcove, the effective wire resistance under actual 
operating conditions may be determined. In series with this resistance a 
reactance jooL exists, L being the wire\s inductance to be obtained 
from Figure 97. Thus the current flowing through the wiie, the 
power consumed in it, and its impedance are completely known. 

In some cases the heating current flowing through a wire is too 
small to produce incandescence. In such cases the wire\s resistance ma>' 
be measured under o’perating conditions using d.c. No subsidiary check 
of the current distribution is readily obtainable in this case. Hence 
either this distribution must be derived from circuit considerations 
or the wire's length should be so small as to obtain uniform distribution. 
A considerable resistance of the wire being preferable in many cases, 
very thin wires (e.g., of 1 micron diameter or even less) of suitable 
material (e.g., tungsten) may be used to advantage. The check curve 
may be obtained at r.f. or using d.c. Devices of this kind have been 



190 


EXPERIMENTAL DEVICES AND DATA 


successfully used at 1500 mc/s with currents of a few milliamps. The 
skin-effect correction of wire resistance with very thin wires is small 
and may be obtained from : 

|...l+3X.0’(^^y (V.2.31.) 

ju being the wire’s effective magnetic permeability, X the wavelength 
in air (cm), a the wires specific conductivity (mhos/cm), and d its 
diameter (cm). An example is shown in P'ig- 
ure 127. 

Another method applicable to small currents 
under similar additional conditions as described 
above makes use of a small bulb, filled with air, 
through which the wire is stretched. The bulb 
is connected to a suitable capillary tube contain- 
ing a drop of colored licjuid, the position of which 
may be determined by means of a scale. If a 
current flows through the wire the gas volume in 
the bulb expands and the drop moves. A check 
curve may again be obtained at r.f. or using d.c. 
In some eases two such devices have been used 
in a compensation circuit, d.c. being made to 
flow through one wire simultaneously with the 
a.c. through the other one. The d.c. is then 
adjusted until the liquid drop remains station- 
Fig. 127 Voltmeter (ac- when switching both currents on. An ex- 

cording to A. Ditl) acting ample is shown in Figure 128. Powers of 
on resistance-variation of about 10~**’ watts have been successfully rneas- 
a very thin central wire. these means with an error not exceed- 

Dimensions. a - 4 rnrn, d about 1500 mc/s. The amount cited 

polythene insulation; Gl, however, constitute the lowest limit 

mica; K, copperfoil. obtainable, as some scope for further develop- 
ment is present. 

As thermoelectric couples are well-known means of current determina- 
tion, only the special constructions of such devices to be used at u.h.f. 
are of particular interest here. The aim of these constructions is to 
minimize interaction between the two wires of different constitution 
at the junction of which a thermoelectric voltage is created, on the 
one hand, and the heater wire through which u.h.f. current flows, on 
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the other hand. A construction which was successfully operated at 
1500 mc/s is shown in Figure 129 together with a more common type 



0 1 2 3 cm 


Fig. 128 Air expansion milliammetcr. Legend: 1, polystyrene tube; 2, resistance 
wire (constantan of 20 microns diameter); 3, glass tubing; 4 and 7, glass capillary 
tubes, 7 being narrower than 4; 5, colored drop of liquid (alcohol). Through one 
of the wires 2, the a.c. to be measured is circulated, and through the second wire 2, 
a d c. of equal magnitude, thus keeping the drop 5 at rest. 

suitable at r.f. The powers that were measured successfully using 
these means are about equal to those described for the preceding case. 

References: 65, U2, 1^, 199, 228, 256, 257, 320, 336, 357, 361, 388. 


Thi 



Fig. 129 Two high-vacuum thermocouples. I.,egend: 5, hejiting wire of 10 to 20 
microns diameter; 4, pearl of insulating material; 3, two welded thermowires; 2, 
stem; 1, bulb; 0, glass support of heating wire 5. 

V.2.32. Devices using effects of voltages. The best-known devices 
of this type are diode voltmeters (see Fig. 115) using either small 
diodes or crystal rectifiers. The former have the advantage of higher 
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impedance if of proper construction, whereas the latter may be of 
extremely small size (e.g., 6 mm over-all length) but are often of small 
impedance (less than 100 ohms). Diodes of small size with a directly 
heated tungsten wire cathode and a cylindrical anode, the resonant 
frequency of lead inductance together with intcrelcctiodc capacitance 
being about 3000 mc/s, are shown in Figure 130. Voltmeters using 
these diodes may be operated up to about this frwiucncy if proper scries 



Fig. 130 Diode of srruill 
dimensions and low ca- 
pacitance and lead induc- 
tance, suitable for voltage 
measurements up to about 
2(X)0 mc/s. 


Fig. 131 Silicon crystal detector for u.h.f. 
and s.h.f. use. Notation: a, copjier elec- 
trode holding silicon crystal h, on which 
tungsten wire c rests with its point, being 
held in position by the copper electrode d 
inside the insulating hohler c. 


resistance is applied to flatten out the resonance curve. The volt- 
meter reading will be less than with equal r.f. voltage at this frequency 
but a I’.f. calibration curve may remain valid to a relative scale. A 
small crystal (silicon with some additions) detector construction of 
stable perfoimance is shown in Figure 131. If used with a series 
resistance of about 1000 ohms the voltmeter sensitivity, using a crystal 
as described, is comparable to that of one using a suitable small-size 
diode. 

A second effect used successfully at u.h.f. is the force created between 
the two electrodes of a tiny condenser, one electrode being made 
movable. Several constructions have been tried, small size being 
essential. Because of this, rather high voltages are required to activate 
the electrostatic voltmeter, values of the order of 100 volts being no 
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exceptions. Thus only rather large voltages may be measured in this 
way. Calibration is carried out using r.f . or direct voltages. 

A third effect of u.h.f. voltages is the heating of dielectric media 
interposed between conducting electrodes. Only in few cases has this 
effect been successfully used for the quantitative determination of 
u.h.f. power. One such instance is worth mentioning on account of 
its relation to u.h.f. tube operation. Consider a diode with an in- 
directly heated cathode coated with the usual barium-strontium- oxide 
layer \vhich has been activated to high emissivity by suitable previous 
processing. If an u.h.f. voltage is connected to the cathode and anode, 
it will have a heating effect on the cathode layer because of its con- 
ductivity and dielectric losses. This heating is additional to the one 
provided by the normal cathode heater. If a definite d.c. to the anode 
is caused by a proper r.f. interelectrode voltage before the application 
of an equal u.h.f. voltage, this current will be increased by the heating 
effect upon the application of the latter voltage. The heating power 
provided by the normal heating system may then be decreased until 
the d.c. is restored to its original value. Obviously this reduction 
of heating power is equal to the power dissipated in the cathode layer 
by the u.h.f. voltage. With layers of about 50 microns thickness 
values of one watt were obtained at a few u.h.f. interelectrode volts. 
By a reduction of the layer thickness to a few microns this effect practi- 
cally disappeared. For this and for some additional reasons very thin 
cathode layei's have been found es.sential to the u.h.f. operation of 
most t>q)es of tubes. 

References: 3, 65, 71, 72, 91, 92, ISO, 200, 238, 239, 2J^0, 2U, 256, 

257, 307, 331, 361, 368, 379, 401 

V.3. Gain, Noise, and Impedance Data 

The data presented under this heading are intended to afford instances 
of the application of devices described as well as to offer material 
useful in the discussion of subsequent chapters. 

V.3.1. Gain and noise-figure data. Published data on gain and 
noise figures at u.h.f. and extreme-high frequencies are still somewhat 
scarce. Even so, by collecting the available evidence, satisfactory 
estimates of these figures may be made in the entire range from about 
5 mc/s up to 30,000 mc/s. 
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V.3.11. Gain data of amplifier stages. We shall consider gain of hi. 
amplifier stages of band width very small in comparison with the fre- 
quency of operation. With these stages tubes of three different types 
will be associated: first, tubes (pentodes) of conventional constmction 
such as are used at r.f . ; second, tubes of design such as are used in the 
range between 30 and 300 mc/s; third, tubes specially designed to give 
satisfactory performance at fretiuencies above 300 mc/s and in some 
cases even above 3000 me /s. In each case the experimental gain figures 
pertain to optimal operating conditions, input and output of the stage 
in question being matched to the preceding and to the subsequent 
stage respectively. 

Considering suitable amplifier stages using conventional r.f. tubes, 
optimal measured gain was between 3 and 4 at 150 mc/s. This gain 
was inversely proportional to the fourth power of the frequency between 
15 and about 300 mc/s, increasing more slowly with decreasing frequency 
below the former limit. Thus gain figures between 30,000 and 40,000 
would prevail at about 15 mc/s under optimal operating conditions, 
which is of course much higher than practical figures used in receiver 
design, the latter in most cases not exceeding 10,000. As higher figures 
are of little practical interest, we may perhaps in this sense state that 
the tubes under consideration are entirely satisfactory up to 20 mc/s 
and are of declining but still acceptable performance above this fre- 
quency up to about 70 mc/s. These figures all pertain to tubes with 
plastic sockets and of constmction similar to the common octal-base 
metal or G-tubes. Tubes of all-glass construction without socket, the 
pins being directly pinched through the glass base, are mostly of more 
favorable performance, the optimal measured gain figure of a cor- 
responding h.f. amplifier stage of suitable constmction being between 
about 50 and 70 at 100 mc/s, this figure being again approximately 
inversely proportional to the fourth power of the frequency between, say, 
300 mc/s and 20 mc/s. At equal frequencies these tubes thus afford 
about three times the optimal stage gain of the tubes of older construc- 
tion. 

Second, we now consider stages using tubes of special design for the 
range from 30 to 300 mc/s. In the first place, the prewar so-called 
acorn tubes come under this heading. At 150 mc/s optimal gains 
between about 25 and 30 were obtained; these figures compare favorably 
with those even of the all-glass tubes. Inverse proportionality of gain 
to the fourth power of the frequency again prevails between about 
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300 and 30 mc/s. With television tubes of suitable all-glass construc- 
tion and high transconductance, similar to the type EF50, optimal 
gains were about equal to thase of the acorn pentodes. 

Third, tubes (triodes as well as pentodes) of special design under 
optimal operating conditions at frequencies above 300 mc/s will be 
considered. With some push-pull pentodes of dimensions comparable 
with those of the above EF50 type and of liigh transconductance 
(about 5 m mhos per electrode system) gains of about 50 have been 
obtained at 300 mc/s; these figures are considerably higher than those 
for tubes of the preceding types. Frequency dependence of g was 
again as stated above, up to about 000 me /s. At the highest frequencies 
it has been found useful to derive gain figures from oscillator-circuit 
performance. If a tube is able to cause oscillations in a suitable feed- 
back circuit at a given frequency, we may conclude that a gain figure 
exceeding unity may be obtained using the tube in a suitable efficient 
amplification stage at the frecpiency in question, avoiding feedback. 
For several tubes, especially triodes, the highest frecjuencies at which 
oscillator stages using them can possibly be made to operate are known. 
At these frequencies the gain of suitable amplification stages is at 
least unity. Assuming the gain to be dependent on frecpiency, as 
stated above, within a certain range, the resultant gain at any frequency 
within this range may (d)viously be deduced on the assumption of its 
being unity at the said limiting frequency. Thus with certain tubes 
of the lighthouse type (see Fig. 125) this limiting frequency is 5000 mc/s. 
Hence the optimal gain at 1000 mc/s may be about 000. Similar 
deductions may be made for other tubes of modern u.h.f. design. The 
basic equation for gain figures under the above conditions is: 

g = (V.S.lla) 

fo being the frequency at which gain is unity and / the frequency of 
operation, the range of this equation usually extending from / = /« to 
at least /o — 10/ and ofUm beyond this. 

If the width B of the frequency band in the amplification under 
discussion is considerable compared with the frequency round which 
it is centered, gain figures may be smaller than those quoted above. 
Gain may in such cases be inversely proportional to the square of B 
and practically independent of the central frequency of amplification. 
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Some experimental figures obtained with all-glass pentodes of the 
type as used in television are: about 4 at /:? = 20 mc/s and about 
12 at i? = 10 mc/s, the central frequency 
of the band B being about 40 mc/s. 
Thus the inverse proportionality to 
is not altogether verified because 10 nic/s 
is a border case between the two c‘.ases 
of B small and B large compared with the 
central frequency. In general, the course 
of the gain-frequency curve corresponding 
to wide-band amplification has the shape 
shown in Figure 132, the junction be- 
tween the two fully traced parts being 
at a central frequenc.y fo depending on 
B and on stage and tube data. Under the present conditions the 
gain equation is: 

!7 = (fy* (V.3.116) 

Bo being the band width at which gain is unity. 

References: 82, 88, 155, 163, 187, 195, 107, 202, 210, 218, 219, 223, 

226, 298, 352, 353, 351^, 356, 363, 364, 401. 

V.3.12. Gain data of mixer stages. Besides the tulx^s mentioned in 
the preceding section V.3.11, multi-grid mixer tubes are being used at 
frequencies below 60 mc/s and in some cases evcui beyond this freciiuuicy. 
We shall start by discussing a case pertaining to r.f. multi-grid mixer 
tubes of heptode type similar to type 6L7G, the input grid being adja- 
cent to the cathode and the grid to which ihn local oscillator voltage 
is applied being separated from the input grid by an inUuposed screen 
grid. Input frequency is 50 mc/s, output (intermediate) frec|uency 
is 3 mc/s, and band width B about 1 mc/s. Optimal gain is about 4, 
this figure being inversely proportional to the square of the input 
frequency and to B at fixed i.f. within the range between 100 mc/s and 
10 mc/s as regards input frequency. 

At frequencies beyond 60 mc/s so-called single-grid mixing has been 
used frequently, both input and local oscillator voltages being applied 
to the input-control grid. The tubes used in single-grid mixer stages 
may be the same as those discussed above in relation to amplification 



Ekj. 1:J2 General shape of 
gain-versus-f resiliency curve at 
v.h.f., u.h.f. and s.h.f. 
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stages. Often the i.f. is small compared with the input frequency 
and the band width B is comparable with the i.f. round which it is 
centered at the output. In these cases, as in the one dealt with above, 
gain is found to be approximately inversely proportional to the input 
frequency squared and to B, the intermediate frequency remaining 
unaltered. With tubes of conventional r.f. design and all-glass con- 
stniction, an optimal gain of about G is obtained under these conditions 
at 100 mc/s input frequency and equal to 1 mc/s; this is comparable 
to the intermediate frequency (e.g., 10 mc/s). The range of input 
fiequency for which the above proportionality mle holds is about 
300 — 10 mc/s and the range of /i relative to the output fiequency about 
2 to the output frequency l)eirig lowca* than 10 mc/s. With the 
special tubes designed for the range up to a.hout 300 mc/s — (\g., the acorn 
and the EF50 types — gain may be about 2 to 3 times the value of the 
latter tubes under ecpial conditions of operation as regards frequencies. 
The gain equation under the present conditions is: 

<' = GtTI’ 

and the prodiud. foBo niay be obtained from any pailicular measured 
gain at known values of and B. 

At frequencies above 300 mc/s the intermediate^ freeiuency is often 
much higher than the band width B involved at the output. In these 
cases the gain figure becomes independeait of B and inversely propor- 
tional to the scpiare of the input frequency as w(‘ll of the output fre- 
(luency. Qva>ting a figure for a tube of lighthouse construction (as 
in section ^^3.11), the input frequency being 3000 me As, the i.f. 150 
mc/s, and the band width 2 mc/s, a mixer gain of about 100 to 150 
may be obtained. In this case the gain c(iuation is: 

g = {Y.Z.\2h) 

J in J out 

th(' value of /« being obtainable from any measured gain figure at 
known values of the input frequency/,-,, and of the output frequency/,,,,^. 

In a number of cases mixer stages using diode tubes have been used 
at input frequencies of the order of 300 mc/s and at higher frequencies. 
The optimal gain of a diode mixer stage obtainable is unity if no self- 
oscillation or regeneration occurs with the diode circuit in question. 
This is obvious from the consideration that such a circuit then consists 
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of passive impedances only (the diode also being of this type), and 
such a circuit can have only a gain that reaches unity at the utmost. 
With diodes of conventional design — i.e., with interelectrode distances 
of the order of 100 microns and non-negligible electrode lead reactances 
at the frequencies in question — gains of the order of 0.1 to 0.5 are 
often found in mixer stages at 300 mc/s input frequency, dropping to 
0.01 at 1500 mc/s. These very low gains have resulted in excessive 
noise figures of receivers incorporating such stages. With diodes of 
proper construction and interelectrode distances of the order of 20 
microns (e.g., lighthouse type), gains of the order of 0.3 to 0.5 at 3000 
mc/s are obtainable. Using suitable silicon crystals instead of diodes, 
gain figures of about 0.3 have been obtained even at frequencies beyond 
5000 mc/s. 

References: 5^, 71 , 72 , 150 , 159 , 160 , 161 , 164 , 196 , 342 , 344 , 255 , 

359 , 366 , 404 ^ 

V.3.13. Noise figures. In order to compare the noise figures obtained 
at u.h. and at extreme-high freciuencies with those at r.f. some experi- 
mental figures related to amplifier and to mixer stages at the latter 
frequencies will be quoted first. In radio sets on the market, usually 
three wave bands are coped with (short waves: 6 to 23 mc/s; medium 
waves: 0.5 to 1.7 mc/s; and long waves: 150 to 380 kc/s), while two 
essentially different types still exist in which the entrance stage is an 
amplifier or a mixer stage. The highest noise figures are usually 
associated with the short-wave range and even these are usually not 
much above unity with the first type and not above 30 with the second 
type in sets of efficient design. In the other two wave ranges noise 
figures are usually between 1 and 5 with all types. 

Using the conventional r.f. tubes (pentodes) in u.h.f. amplifier 
entrance stages above 30 mc/s at band widths small compared with the 
frequency of operation, the attendant noise figure increases with in- 
creasing frequency until figures in the neighborhood of 20 are reached 
at frequencies corresponding to unity gain (e.g., 200 mc/s). Similar 
relationships are valid in the case of special tubes designed for these 
frequencies, such as acorns or television tubes. When the noise figure 
exceeds about 5, it increases nearly proportionally to the square of in- 
creasing frequency up to the fi’equency corresponding to unity gain, at 
which noise figures in the vicinity of 20 are usually found. With tubes 
designed for operation above 300 mc/s such as push-pull pentodes 
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(section V.3.11), affording gf = 30 at 300 mc/s, the limiting frequency 
fo being about 700 mc/s according to Eq. (V.S.lla), noise figures 
between 10 and 30 are usually found at this frequency. This also 
holds good for the lighthouse type mentioned in section V.3.11, the 
noise figure being approximately proportional to the square of the 
frequency / of operation below the limiting frequency until N drops 
below about 5 at decreasing operational frequencies. These figures 
do not include a contribution of the subsequent stage. 

Leaving out multi-grid mixer tubes, the noise figures of corresponding 
stages at frequencies up to about 30 mc/s being between 10 and 30, we 
shall refer only to pentode and triode tubes used as single-grid mixers. 
Under optimal conditions of operation and at band widths small com- 
pared with the input frequency, the noise figures of mixer stages incor- 
porating these tubes are approximately equal to those of amplification 
stages using these tubes at a frequency equal to the input frequency 
of the mixer stages in question. 

With wide-band amplification, the gain being approximately constant 
throughout the band width in question, the noise figure N is approxi- 
mately proportional to the band width B as soon as N rises above 
about 5 (see section VI. 1.23). At band widths corresponding to 
gain figures well above unity (say above 10) the noise figure N is usually 
small and below 10 or even 5, rising at increasing widths as stated. 
With wide-band mixing, too, in both cases corresponding to Eqs. 
(V.3.12a) and (6), the noise figure has about the values quoted with 
wide-band amplification as long as the gain figure is well above unity. 
The band width is nearly always small compared to the input fiequency 
with such mixer stages. The actual noise figures found arc under 
these conditions approximately equal to those given above for mixer 
stages at small band widths, and N is approximately independent of B. 

Finally we shall quote some figures related to diode mixer stages 
at the entrance of receivers. Such stages operated at an input fre- 
quency of 300 mc/s, incorporating diodes of conventional interelectrode 
spacing (see end of section V.3.12), show noise figures of the entire 
receivers between about 10 and 30 under favorable conditions. With 
the same diodes noise figures of 500 to 1000 and even more were obtained 
for the corresponding receivers at a frequency of 1500 mc/s. These 
figures showed a marked improvement at the introduction of diodes 
of more suitable design, values between 10 and 20 being obtained at 
frequencies in the vicinity of 3000 mc/s, the corresponding stage gain 
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being between 0.1 and 0.5. These noise figures, according to Eq. 
(II.2.13c), show a considerable dependence on the noise figure of the 
intermediate frequency stage succeeding the diode; this value enters 
into the over-all figure multiplied by \/g which may be 10. With 
specially careful construction of the second reception stage and of the 
diode mixer stage, noise figures of the order of 10 to 20 have been ob- 
tained above 3000 mc/s. With suitable crystals even lower figures may 
prevail. 

Referencb:s: 32, 119, 135, 139, 162, 163, 196, 197, 235, 277, 329, 373, 

V.3.2. Experimental data on impedances. Though the gain and 
noise figures of the preceding section V.3.1 give the reader an over-all 
picture of receiver performance at these frequencies, detailed under- 
standing of this performan(‘e must be derived from impedance data 
such as will now be dealt with. 


Ohms Ohms Ohms 



^ve length (m) Wave length (m) Percent freq deviafton 

a k £ 

Fig. 133 Input impodance curvos of half-wave antennas Diafirain a: No. 10 wire 
anti'iina Diagram }) * 1 .r)-inrh copper pipe antenna Diagram ( ; Double cone 
antenna of 13 degrees flare angle (L (see Fig. 00) . In this latter diagram the modulus 
of the iinpedam’e is shown in the upper curve and its phase angle expressed in degrees 
in the lower curve. Vertical scales on the left are in ohms (reference 61), 

V.3.21. Antennas and impedance elements. In order to show the 
influence of shape on impedance at the tenninals of a half-wave antenna, 
three sets of cuiwes arc presented in Figure 133. The curves of Figure 
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133a pertain to a half-wave antenna made of no. 10 wire connected 
to an open parallel-wire transmission line of equal wire size matched 
to the antenna at about zero reactance by means of a suitable low-loss 
transformer section (see section IV. 1.24). The impedance is measured 
at the terminals of the line far from the antenna. The humps of the 
impedance curves are ascribed to reflections from near-by buildings. 
Even if these are flattened out, the useful band width is extremely 
low relative to the match-wavelength corresponding to zero reactance. 
The curves of Figure 1336 pertain 
to a 1.5-inch copper pipe half- 
wave antenna occupying the same 
position as that of Figure 133a and 
fed through the same line (refer- 
ence 61 ) . The useful relative band 
Avidth of this antenna is consider- 
ably larger. F or comparison, the im- 
pedance of a double-cone antenna of 
about 13 degrees flare angle Go (see 
Fig. 69) is shown in l^gure 133c, 
measured between the two tops. The 
length of the cone along its surface 
from apex to rim is about 0.365 wave- 
length at the center frcciuency. 

The magnitude of the impedance is 
nearly constant and its phase angle 
is less than 10 degrees within a band 
of approximately 20% of the center frequency. These figures tend to 
show the vast superiority of the double-cone antenna in wide-band 
reception. Adhering to the above i*elation of cone length to wave- 
length at the center frequency, the impedance at the latter frequency 
is given in relation to the flare angle (see Fig. 69) in Figure 134. 

The influence of reflection from the earth’s surface on the impedance 
of a half-wave horizontal antenna, the frequency corresponding to 
zero average reactance of the antenna if at a great height above the 
surface, is shown in Figure 135. The soil in these measurements 
consisted of quartz sand, its dielectric coefficient e being approxi- 
mately 9. 

Some data on the behavior of resistor units at u.h.f. are collected 
in Figure 136, giving the ratio of u.h.f. resistance R to d.c. resistance 


Ohms 



Fig. 134 Impedance at tuning posi- 
tion of a double cone antenna as de- 
pendent on the flare angle Oq (see Fig. 
G9). The length of one cone along its 
surface from apex to rim is 0.305 wave- 
lengtlis (reference 61). 
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Ro in dependence of the operating frequency. The curves pertain 
to the following units: 


CURVE NO. 


1 100 

2 100 

3 25 

4 60 


LENGTH CM 


k ohm 

1.90 

k ohm 

3.50 

k ohm 

0.90 

k ohm 

2.20 


the diameter being 0.40 cm in each case. The resistances of largest 
ratios of length to diameter show relatively the largest drop of resistance 

at the highest frequencies. 

At frequencies comparable with 
300 n:tc/s, serious loss of gain may 
in some cases be caused by series 
resistance of contact joints, contact 
pins, and similar elements. Some 
experimental figures of present-day 
elements will be given here as illus- 
trations. At 300 mc/s the series 
resistance of socket contact slips 
of good construction was found to 
be about 0.2 ohm; considerable 
variation existed, however, between 
individual specimens. In tubes of 
modern all-glass construction the 

Fig. 135 Impedance of half-wave series resistance of elcct)-ode leads 
horizontal antenna at a frequency cor- 

responding to zero reactance if at a , , 

considerable height comparcl with the ^ coaxial quarter-wave 

wavelength, as dependent on the ratio sections used as resonant elements 
height to wavelength (reference 61 ). the resulting Q and resonant imped- 
ance values may be considerably re- 
duced if sliding contacts used for tuning purposes are not carefully con- 
structed. Reductions of resonant impedance to ^ its theoretical value 
have been observed at 300 mc/s due to this defect. Insulating plates be- 
tween contacts — e.g., in tube sockets — should be constructed of low-loss 
material. With good plastic sockets conductances of 20/x mhos have 
been observed at 300 mc/s between adjacent pins, though values of 
5/x mhos are obtainable using superior material. 

References: 13, 29, 34, 61, 78, 103, 283, 284, 315. 
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Fig. 130 Ratio of h.f. to r.f. resistance of several resistor units as dependent on 
the frequency c/s (horizontal scal(‘)- The curvets are related to different shapes of 
resistors as mentioned in the text. 

V.3.22. Impedances of amplifier tubes. An amplifier as well as a 
mixer tube may be regarded as a four-pole with two input and two 
output terminals, one of the former terminals being in most cases 
identical with one of the latter. In conventional stages this common 
terminal is the cathode, the other input terminal being the control- 
grid lead and the other output terminal the anode lead. In measuring 
the impedance between the input terminals, the output terminals are 
short-circuited as effectively as possible, and in measuring the output 
impedance the input terminals are short-circuited. Some resistance 
values obtained in this way, using conventional r.f. pentodes of octal- 
base design, are shown in Figures 137 and 138. Besides the values 
pertaining to normal operating conditions, resistances with unheatod 
cathode and with a large negative bias voltage of the control grid are 
also shown, as well as the difference between two corresponding con- 
ductances. In this way the contributions resulting from electronic 
motion and from cathode heating may be separated. The input re- 
actance may be jiscribed to a capacitance, shunting these resistances, 
and this is similar at the output. The input capacitance with a large 
negative bias voltage is usually 1 to 1.5 pF smaller than the value 
corresponding to normal conditions of operation (6.5 pF), when the bias 
is between —2 and —3 volt. With tubes of suitable design for each 
frequency range, input shunt capacitance does not vary much at in- 
creasing frequency. Little variation of output capacitance is observed 
if the conditions of operation are altered. Some values of input and 
of output resistance pertaining to pentodes of all-glass construction 
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and of smaller size than those of Figures 137 and 138 are shown in Figuras 
139 and 140. The variation of input resistance upon variation of bias 
voltage is shown in Figuie 141 for a tube of the same type as used in 
Figure 137, whereas Figure 142 contains similar information pertaining 



Fig 137 Input rosistaiicu ((Mthode-control p^iid) of rf remote cut-off pentode 
expressed in ohms (vertical scale) iis depieiident on wavelength m m. Crosses: 
Tube under normal ojXTating conditions of top transconductance C'lrcles . Unheated 
cathode. Scjuares: Largely negative bias Broken curve Resistance, winch, if 
shunted to the biased resistance, gives the resistance under normal operation 

to output resistance. Finally input resistance of an acorn pentode 
under normal conditions of operation is shown in bdgiire 143. 

From these figures the important inference may be made that input 
as well as output resistance is inversely proportional to the square of 
the opeiating frequency under normal conditions throughout the 
range considered. This rule has been confirmed up to about 700 mc/s 
with tubes of construction suitable to that frequency, and very prob- 
ably holds up to 3000 mc/s with tubes of proper construction. Further- 
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more, anode resistance is shown to be inversely proportional to the 
transconductance from control grid to anode (Fig. 142), and so is 
input resistance. 



Fig. 13S Output resist iukh* in ohms 
(cathode-anode) of same pentode as 
used in Fig. 137. Crosses: normal 
operation; squares: biased; broken 
curve: similar to broken curve of Fig. 
137. 



Fig 139 Input resistance of r f. and 
v.h f pentodes expressed in ohms 
(vertical scale). Circles: tube under 
normal operation. Squares: largely 
negative bias. Full curves; tube of 
socket type. Broken curves: tube of 
all-glass type. Input shunt capaci- 
tance under normal operation is about 
0 3 pF and under biased operation 
about 5.3 pF, independent of frequency. 


Besides input and output impedance, two more impedances are 
important in tube operation: transadmittance from grid to anode (the 
u.h.f. equivalent of r.f. transconductance) and the feedback impedance 
from anode to grid (u.h.f. equivalent of the r.f. feedback capacitance). 
This transadmittance was measured using low-impedance connections 
between input as well as between output terminals, thus offsetting 
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the effects of input and output impedance. Feedback impedance| was 
measured similarly with unheated cathode. It was found that with 
suitable tubes the modulus of transadmittance was approximately 


equal to r.f. transconductance at 
any frequency up to 3000 mc/s. 
Besides this modulus, transadmit- 
tance acKjuires a phase lag at u.h.f., 



Fig. 140 Output resistance of v.h.f. 
alLglass pentode of Fig. 139 expressed 
in ohms (vertical scale). Circles: 
normal, and squares: biased operation. 

F = |f 1 ex]) {—jyp), the lag angle 
yp being approximately proportional 
to frequency throughout this range 
with suitable tubes. Finally, the 
feedback capacitance was found 
to be considerably dependent on 
frequency at u.h.f. (see Fig. 144), 
the measured curve pertaining to 



Fig. 141 Curve 1: Input resistance' 
of r.f. socket-type pentode expressed in 
kiloohms (left vertical scale') as de- 
pendent on anode current (horizontal 
scale) at 00 mc/s. Curve 2: Trans- 
conduetance (right vertical scale) ex- 
pressed in m mhos. 


a pentode of the type used in Fig- 
ure 137. Obviously a frequency may be indicated at which feed- 
back admittance becomes zero. It was found that this frequency may 
be shifted by proper stage construction to coincide with almost any 
de.sired frequency in the u.h.f. range (30-600 mc/s). 

References: 123, 158, 163, 190, 195, 215, 216, 219, 285, 313, 345, 
346, 348, 356, 362. 
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Ohms 


V.3.23. Impedances of mixer and of diode tubes. Starting with mixer 
tubes of multi-grid type, we shall refer to a heptode tube as mentioned 
in section V.3.12. Input resistance at 50 mc/s input frequency under 
optimal operating conditions was found to be between 5 and 10 k ohms, 
input shunt capacity being about 8 pF. Tliis resistance is inversely 
proportional to the input fre- 
(piency scpiared between about 
1 5 and 100 mc/s. The modulus 
of conversion transadmittance 
(corresponding to conversion 
transconductance at r.f.) was 
lound to be about 0.5 m mhos. 




Kio. 142 Output conductiinee (ver- 
tical scale) expressed in /z mhos of 
r.f. socket type pentode as dependent 
on transconductance expressed in in 
mhos (horizontal scale) at 37.5 mc/s. 


Fio. 143 Input resistance (cathode-control 
grid) of remote cut-off button pentode ex- 
pressed in ohms (vertical scale) under nor- 
mal operating conditions as dependent on 
frequency expressed in mc/s (horizontal 
scale). 


which is practically the r.f. figure. The output or intermediate fre- 
(piency being almost a r.f., the output impedance is approximately 
ecpial to the r.f. anode resistance and attending shunt capacity. 

At higher frecpiencies we shall refer to similar tubes (pentodes and 
triodes) as those discussed in sections V.3.12 and Y.3.13, using single- 
grid mixing. The input resistance was found to have about 2 to 4 
times the value when used as an amplifier tube, conditions of operation 
being optimal both times. On the other hand, the modulus of con- 
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version transadmittance was about ^ to ^ of the modulus of trans- 
admittance when used as an amplifier, conditions of operation being 
again both times optimal. Thus it may be stated that under these 
conditions the product of input resistance and modulus of transadmit- 
tance, that is, conversion transadmittance, is approximately equal 
in mixer and amplifier stages. This important experimental deduction 
is of great value in rating mixer and amplifier stages and in evaluating 



Fig. 144 Feedback capacitance (vertical scale) of r.f. socket-type pentode as 
dependent on frequency expressed in nu*/s (horizontal scale). Operating conditions 
are of minor importance in this case. 

their relative gain and noise figures. It may be applied to the entire 
range of operation up to input frequencies comparable with 3000 mc/s 
and probably higher, using tubes of suitable construction. With such 
tubes the input shunt capacitance is in most cases not dependent on 
frequency to any considerable extent \vithin the range of useful operation. 

We shall now consider diode tubes as used in mixer stages and in 
diode voltmeters. In order to show the losses due to cathode oxide- 
coating layers of about 30 and of 10 microns thickness, the inter- 
electrode conductances of two diodes at 300 mc/s are given, no. 1 
having a 30 and no. 2 a 10-micron layer, the other construction data 
being similar: 


diode no. 1 
diode no. 2 


l/Rc 

14m mhos 
11m mhos 


lIRb 

45m mhos 

15m mhos 
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The values Rc pertain to unheated cathodes and Rb to normally heated 
cathodes using large negative bias voltage at the anode. The inter- 
electrode conductance is much affected by series resistance of the 
electrode and socket leads. All these points occur in amplifier tubes 
as well, but they are perhaps most easily studied with diodes. With 
the above diodes nos. 1 and 2 the interelectrode clearance was about 
150 microns and the modulus of electronic admittance between the 
electrodes lower at 300 mc/s than at radio frequencies, thus causing a 
drop in optimal mixer-stage gain to, say, 0.3 at this frequency, and a 
similar drop in indication of diode voltmeters. At higher frequencies 
this drop becomes intolerable and different constructions with attend- 
ing interelectrode clearances down to 40 and to 20 microns have to be 
introduced, as discussed in sections V.3.12 and V.3.13. Constructions 
similar to Figure 125 are suitable at the highest frequencies (e.g., 
5000 mc/s). 

References: 2SS, 234, 240^ 272, 273, 277, 355, 383, 

V.3.24. Inferences from impedance figures. It seems useful to a 
proper understanding of u.h.f. amplifier and mixer stages to deduct 
the gain data of sections V.3.11 and V.3.12 from the impedance figures 
of the two sections preceding (V.3.22 and V.3.23). Disregarding the 
effect of feedback impedance (as this may in many cases be overcome 
by the application of suitable circuit design), and denoting the trans- 
admittance of a tube by Y, its input resistance by R^n, and its output 
resistance by Rout, the optimal amplifier stage gain using that tube 
works out as: 

g = (V.3.24o.^ 

This expression may be easily deduced. Assuming the input voltage 
to be V, the input power delivered to the stage is V^IR^n, while its 
available output power is if the output shunt capacity is 

neutralized by the resonant circuit or cavity connected to the output. 
Thus the value of g is obtained upon division of the available output 
power by the input power. The expression (a) is valid if the over-all 
resonant impedance of the circuits or cavities connected to input and 
output are both upon transformation equal to Rin and Rout respectively. 
This condition may be complied with if the required band width of the 
stage does not exceed certain limits (into which we shall go later). 
From Eq. (a), as \Y\ is practically independent of frequency while 
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Rin and Rout are both found experimentally to be inversely proportional 
to the frequency squared within certain wide ranges^ the value of g 
is seen to be inversely proportional to the fourth power of the frequency 
within the said range, in accordance with Eq. (V.3.11o). Inserting 
the experimental values of 1F|, R^^^ and Rout for the particular tubes 
under discussion, the values of g cited in section V.3.11 are obtained. 

If the band width B of the stage discussed is considerable, the 
resonance impedance of the input circuit or cavity being equal to 
1/ {2TrBCin)y and at the output being 1/ {2TTBCout), denoting the total 
input capacitance by and the output capacitance by Cout, these 
values may })e comparable with or even smaller than and Rout 
respectively. Under the most favorable conditions is approximately 
the input shunt capacitance and Gout fhe output shunt capacitance of 
the tube. As Ro^a is in general much higher than e.g., ten times 
higher, we shall obviously often be faced with the impedance 1 / {2TrBCout) 
becoming equal to Rout at increasing band width B before \/{2TrBCin) 
becomes comparable with Rin- The condition for the validity of Eq. 
(V.3.11fe) is thus obviously that the product 2irBCinRiri should be 
large compared with unity. The gain then becomes : 


{2TBCin){2irBCo 


(V.3.24/>) 


It should be mentioned that the coupling circuit artifice of scx’tion 
IV.2.13, allowing the gain to become four times the above figure, is 
not considered here. At band widths when JCq. {b) is valid, the sig- 
nificant tube properties determining stage gain are thus F, and 
Coui instead of F, Rin, and Rout if (V.3.24a) is valid. By inserting 
the values associated with diffei-ent tubes the gain figures quoted in 
section V.3.11 for wide-band amplification are readily obtained, as is 
Figure 132 with the proper scales attached in the case under discussion. 

For mixer stages, as the output frequency is in most cases much 
lower than the input frequency (this decrease of carrier frequency 
being the object of mixing), the output resistance will be much higher 
than the input resistance, even more so than with amplifier stages. 
At small band widths B the gain will be given by Eq. (V.3.24a), or, 
if the frequency dependences of Rin and Rout are taken into account, by 
Eq. (V.3.126). The value of F to be inserted into Eq. (V.3.24a) is 
the conversion transadmittance and, as we have seen in section V.3.23, 
the product \Y\Rin is approximately equal, with single-grid mixer 
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tubes under conditions of optimal operation, to the value corresponding 
to the same tubes used as amplifiers. The resistance R^ut being much 
larger in the mixer case, so will also be the gain according to Eq. 
(V.3.24a). At wide-band reception we obtain with mixer tubes the 
optimal gain equation: 

(V.3.24C) 

the condition being that l/(27rBC^) in small compared with R^. 
Thus we have reobtained E(j. (V.3.12(j) as regards frequency dependence. 
By inserting the impedanee values pertaining to particular tubes the 
figures quoted in section V.3.12 may readily be obtained. 

Refehence: 401 - 



CHAPTER VI 


ENTRANCE STAGES OF RECEIVERS 

The entrance stage of a receiver, if of sufficient gain, determines the 
receiver's noise figure almost exclusively. The chief aim in its design 
must be the reduction of this noise figure to as low a level as obtainable 
with the means in hand. 

VI. 1. Amplifier Stages 

Using circuits of proper design, the aim announced may in many 
cases be most directly attained by the use of an amplifier stage, if tubes 
of satisfactory performance at the frecpiency under consideration are 
available. 

VI.1.1. Entrance circuits. The entrance circuits under consideration 
are the links between the antenna or transmission-line output and th(‘ 
entrance terminals of the flret tube. 

VI.1.11. Versatile entrance circuits. At frequencies ))e]()w 30 mc/s 
the antennas used in reception are often of similar construction to 
those used at r.f., and often the same antennas are us(‘d at r.f. and at 
the high frequencies considered. The properties of individual antennas 
show marked differences, and the entrance stages of n-ceivers slioiild 
be designed to meet all occurring antenna constructions. This means 
that only a very loose coupling between antenna and entrance stage 
may be used, entailing that only a small portion of the antcTina’s 
available power is transferred to the entrance stage of the receiver. 
With the corresponding versatile entrance circuits several types of 
coupling may be applied, and we shall e.xamine briefly the more common 
ones. First, we consider circuits in which satisfactory selectivity at 
the input terminals of the first tube is obtained by the use of a single 
resonant circuit (see section IV.2.11). Coupling between this resonant 
circuit and the antenna may be capacitive, inductive, and by trans- 
former, the first two types each giving rise to two sub-types. 

A picture containing the separate types of circuits and one combina- 
tion of capacitive and transformer coupling is shown in Figure 145. 
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In Figure 145a the series connection of Ci and of the antenna’s im- 
pedance Z may be represented by an impedance Zi = Z -f- 
while a current generator FZ = / is substituted for the antenna^s 
voltage generator V of Figure 145a. Thus we arrive at Figure 146, 



Fig. 145 Several methods of coupling the antenna to the input electrodes of the 
entrance tube of a receiver. Diagram a: Capacitive top-coupling. Diagram b: 
Inductive top-coupling. Diagram c: Capacitive bottom-coupling. Diagram d: 
Inductive bottom-coupling. Diagram e: Mutual inductance coupling. Diagram 
/ : Combined coupling by mutual inductance and capacitance. 


which circuit is obviously amenable to simple calculation. In order 
not to impair the selectivity of the resonant circuit too much, Zi should 
be large compared with the resonant impedance, and this again entails 
a rather small capacity Ci. If Z is also due to a capacitance Ca, the 
impedance Zi corresponds to a capacitance Cz given by l/Cg = 1/Ci + 
1/Ca, and Cl should be small in order to keep small compared with C. 
Similar simple considerations may be applied to the circuits 1456, c, 
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and d. The equivalent circuit of Figure 145c is shown in Figure 147, 
M being again the mutual inductance. This circuit of Figure 147 is 
suitable to simple treatment. Denoting Z by l/jojCa and J^L^Ca = 1, 
we obtain: 


h 

V 




(Vl.l.lla) 


Q being the quality of the resonant circuit and Vg the voltage between 
cathode and control grid. If a >3 co, Eq. (a) yields a ratio V g/\ 
independent of the angular frequency co. 



Fig. 146 Equivalent diagram 
to Fig. 145a, the voltage gener- 
ator of the latter being replaced 
by a shunted current generator 
of infinite internal impedance 
(indicated by broken line) sup- 
plying the signal current /. 



Fig. 147 Equivalent circuit diagram to 
Fig. 145c. 


In some cases the selectivity attainable by the use of a single resonant 
circuit is not satisfactory and two coupled circuits as discussed in section 
IV.2.12 have to be applied. An example is shown in Figure 148, which 
may again be made suitable to simple treatment if the voltage generator 
is replaced by a current generator, then applying the results of sections 
IV.2.12 and 13. In the case of equal resonant circuits of quality Q, 
applying critical coupling, we obtain: 


Y 


1 c, 

2 Cl + C, 


Q, 


Cz having the meaning indicated above. If compared with a single 
resonant circuit, this ratio Y g/Y is only half of the value corresponding 
to Figure 145a, C^, C, and Q being equal. In the case of non-critical 
coupling this ratio is even less. 
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From the above reasoning the frequency-response or selectivity 
curves near reasonance, as well as far off-resonance, may be obtained. 
In Figures 145a and 146 the ratio Vg/V approaches a value independent 
of frecpiency if Z = 1 IjcxiCa and if the frequency is increased indefinitely. 
On the other hand, this ratio approaches 


zero if co does so under th(' above assump- 
tion regarding Z. Thus we obtain roughly 
the upper curve a of Figure 149. Simi- 




Frj. IIS Two r<‘sonant circuits couph'd 
V)y means of an inductance M may be used 
between tiic antcama (represented by the 
voltage generator \' and the impedance Z) 
and the input electrode of the receiver’s 
entrance tube. 



Fig. 149 Vertical scales : Ratio 
larly we obtain the curve h of this figure of tube input voltage to antenna 
in Figure 145c. In Figure 145c a curve voltage V (.see Figs. 145, 147, 

similar to c of Figure 149 may result, if Horizontal scales. 

2 1 // /r • 11 4.1 A 1 Angular frequency The upper 

coq = \/L:i( a IS smal er than tlie angular : T .u - 4 - 

^ ^ curve a pertains to the circint 

resonance frequency scpiarcHl. Thusselec- 145 ^^ eurve h pertains to Fig. 
iivity near n'sonance is not impaired in 145c and curve c to Fig. 145e. 
the cases of Figures 1 19a and 6, whereas 

it may be in the case of 149c. F ar-off selectivity is of course much better 
with curve c than with curves a and b. If a set of tw^o coupled resonant 
circuits, as in Figure 148, is used, near and far selectivity may in gen- 
eral be satisfactory. 

The lumped circuits discussed may be replaced by equivalent reso- 
nant line-sections or cavities. 

VI.1.12. Fixed-antenna entrance circuits. With individual and com- 
mercial receivers specially designed for reception of the high fre- 
quencies under discussion, the reception antenna may be assumed to 
present a fixed and purely real impedance at the entrance terminals 
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of the receiver. This resistance Ra will, in many cases, be equal to 
the wave impedance of the transmission line interconnecting antenna 
and receiver. By application of a suitable transformer — e.g., a quarter- 
wave line section or a tap in conjunction with a resonant cavity (see 
section IV.2.23) — ^this resistance may be transformed to almost any 
suitable value. We shall denote the transformation ratio as viewed 
from the line output by thus obtaining a transformed resistance of 
xv^Ra. Besides this, we have two other impedances at the entrance 
terminals (grid-cathode) of the first tube: the resonant circuit’s or 
cavity’s impedance and the input-tube impedance, both being shunted 
to the above xi)^Ra value. The input impedance of the tube may be 
assumed real (Rin), as its shunt capacity may be incorporated in the 
resonant circuit or cavity. We shall consider only frequencies / in the 
vicinity of the resonant frequency /o, and at such frequencies the circuit’s 
or cavity’s impedance may be represented by a shunt connection of 
the resonant resistance Rres and of a capacity C such that the correspond- 
ing shunt susceptance at the frequency / is 47r(/ — /o)C’, the value of C 
being the total shunt capacity (tube input circuit) at the tube’s entrance. 
Note the multiplier 47r instead of the usual 27r; this dou])led value is 
due to the respresentation of our h.f. impedance by a shunt connec^tion 
of Rrcs and C. We have now completely defined the impedanc(i elements 
indicated between the terminals 1, 2 and 3, 4 in Figure 10: 

Zo == W^Ra, ^ - fo)(\ Zii = R,„. 

If optimal gain between the terminals 1, 2 and 5, G of J^^igure 4G is 
to be attained, the total available power at 1, 2 should be transferred 
to the tube’s input resistance Zn = implying that Zi should be 
real and Rrcs large comparcHl with Rin, while iJO^Ra = Rm^ Picturing 
the tube of Figure 4G separately (see Ptgure 150), the real part Rout of 
its shunt output impedance is known experimentally (section V.3.22) 
to be much larger than Rin. Furthermore, we shall assume that propcu’ 
precautions eliminating or minimizing fecidback have been taken such 
that Zi 2 may be disregarded in comparison with either Rout or being 
much larger in shunt connections. The problem is then much simplified 
and approximately optimum tube gain (section V.3.24): 

Qout ~ ^inRout 

may be secured between the terminal pairs 1, 2 and 5, 6. 
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The question now arises as to whether tiiese optimal gain conditions 
do also correspond to minimum noLse figure and if not, what other 
conditions do. In order to answer this question we shall evaluate the 
noise figure corresponding to the 
circuit of Figures 4G and 150. The 
noise-current generators supplying 
/2 and ?3 of Figure 39, a(‘tive be- 
tween the grid g and the anode, 
may approximately be assumed 
active between the terminals 5 and 
6 of Figure 150 as Rout ^ Rm and 
as Z ^2 may be disregarded. Both 
noise currents and also ii of Fig- 
ure 39 are completely intercor- 
related in an ideal triode, and this 
will be assumed here. The noise 
current flowing to the grid is 
ig = 12 — ?i, as indicated in Fig- 
ures 39 and 150. After what was said in section II. 2.32 and pre- 
ceding sections, we may easily evaluate the resulting short-circuit noise 
and signal current between 5 and 6 of Figure 150. The resulting noise 
figure at these terminals is: 


Fi(i. 150 Separate and more elaborate 
picture and equivalent circuit of the 
tube in Fi^^. 40. Notation: Rtn, input 
resistance; i\, noise-current generator 
active between cathode c and grid g] 
12 , noise-current generator active be- 
tween grid g and anode a; Zto, inter- 
electrode impedance active between 
grid and anode; Rout output resistance. 


N = 


T T 
^ + ^ IT 

^ rji J 


ir 


Rrn 


1 - 


exp(y0) 




in ^ 


(VI.1.12o) 


Ri 


YR^nWufRa 


+ 1 + ju^CR,, 


Here denotes the effective fluctuating temperature of Rtn, according 
to R^n ig = 4A'7\„A/, 72 the current of the noise generator active in 
shunt with Rout (f^oe Fig. 39), a? = 47r(/ - /o), while </> is a phase angle 
dependent on the phase lags of the fluctuation currents ii and A of 
Figure 39 and of the transadmittance Y : 

F = 1f 1 exp 
h = I < 2 ! exp {-jih), 

(VI.1.126) 

ig = j\ig\ exp i-j<t>g) = k - h, 

</> = <#>a + 4 > 2 - 
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Obviously this noise figure N is dependent on the two variables: 


W^Ra 


= X 


and 


oiORiji — y 


(VL1.12C) 


and further dependent on the ratio: 


= < (YLLUd) 

which is a quantity fixed by the data of the tube under discussion. In 
the case of optimal gain the conditions to be imposed on the quantities 
X and y of Eq. (c) are: a: = 1 and y = 0, i.e., a matched purely resistive 
entrance circuit. 

References: Sd7, 370, 371, 372. 


VI.1.2. Noise figure and gain. These will now be examined for 
fixed antenna entrance circuits. 

VI.1.21. Conditions for a minimum noise figure. If we want a mini- 
mum noise figure, conditions differ from those corresponding to optimal 
gain. It is a simple matter to evaluate x and y of Eqs. (\T.1.12r) such 
that the noise figure of Eq. (VI. 1. 12a) or, which is eq\iivalont, the 
quantity W of that ecpiation, attain a minimum value. We shall only 
state the result here. The detuning of the input circuit should ])e such 
that: 

(^oV = cos 4> = aoO)CRtn, (VI. 1.2 la) 

by which the difference / —fa between the frequency / of operation 
and the resonant frequency /o is completely fixed. If cos </> is positive, 
the difference / — fo is also positive — i.e., the frequency of operation 
should be higher than the circuit’s or cavity’s resonant freciuency fo. 
If cos (p is negative this is reversed. The second minimum condition 
fixes x: 

alx^ = {do — sin <^)^. (VI. 1.21/)) 

This condition thus requires a definite value of the entrance trans- 
formation ratio, and the resulting ratio x (Eq. VI. 1.1 2c) is in general 
(if 0 is not zero or a multiple of tt) different from unity, which corre- 
sponds to optimal gain. The values of W in the noise Eq. (VI. 1.1 2a) 
corresponding to these minimum noise conditions are shown in Figure 



CONDITIONS FOR A MINIMUM NOISE FIGURE 219 

151 as dependent on (see Eq. VL1.12d) and on (p, positive as well as 
negative values of this phase angle being taken into account. If <^ = 
7r/2 we would obtain zero for the minimum value of TU. 

Hitherto the correlation between and 12 was assumed to be com- 
plete. If a non-ideal triode is used, or a tetrode instead of a triode, no 
complete correlation will exist between the fluctuations at the entrance 



opi OJ 02 


Fig. 151 V^crtiral scale: Valu(* of IF in the noise eq (VI. 1. 12a) corresponding to 
conditions of riiimmuin noise ratio. Horizontal scale: of eq (V1.1.12d). Curves 
corresponding to different positive and negative values of phase angle 0 according 
to eq. (VI. 1.1 25) (see references 371, 372). 


(represented by ?i) and at the output (approximately represented by io). 
It is obvious that in such cases values of W larger than those of Figure 
151 will result. The noise figure of a particular pentode tube was 
measured in an amplifier stage at / = 300 mc/s. The measured figures 
(the temperature Ta of the signal generator's output being T) are 
shown in Figure 152. It is apparent that a reduction of noise figure 
from 21 to 17 is obtained by detuning. At the detuned position the 
input transformation ratio (coupling) adjusted to a minimum noise 
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figure at the tuned position, should have been slightly altered to obtain 
a minimum noise figure again, but this was omitted. With the tube in 
question about 40% of the mean square output fluctuations were com- 
pletely correlated to its input fluctuations. Thus we could hardly 
expect a larger reduction of noise figure by detuning than the 20% 
obtained, and Figure 152 may be said to offer satisfactory confirmation 
of our theoretical deductions. With triodes far greater reductions of 

noise figures are obtainable. 
We may conclude from Figure 
152 that the phase angle of 
Figure 151 is positive in the 
present case, for otherwise the 
value of W could hardly be re- 
duced at all by detuning, as 
the dotted curves for negative 
4> values in Figure 151 practi- 
cally coincide with the full 
curves corresponding to a 
tuned circuit. 

AstothenoiseEq.(VI.1.12«), 
all that is desired would be a 
reduction of W such that the 
second term in the sum ex- 
pression of N — i.e., its part 
originating in the tube — is 
small compared with its first term, originating in the antenna. With 
tubes of suitable construction may be 0.5 at 300 mc/s. Thus in 
this case W cannot attain values below 0.2 by Figure 151 if <j> zero or 
negative, but W could easily be smaller if </> were ()0 degrees positive. 
In most cases the ratio Tin/ T is between 5 and 7 for oxide-coated cath- 
odes, and we may judge from Ta/T and from W whether the above 
desirable condition is obtainable in any particular case as soon as is 
known from experiments. 

References: 197, 302, 370, 371, 372. 

VI.1.22. Groimded grid amplifier stages. At frequencies above 
100 mc/s the output terminals of a tube amplifier are in some cases 
connected to control grid and anode instead of to cathode and anode, 
thus regarding the control grid as the common electrode to input and 
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Fig. 152 Vertical scale: Noise figure of an 
entrance amplifier stage using a single reso- 
nant circuit and a pentode. Horizontal scale : 
Tuning capacitance. Curve I is related to 
the noise figure; curve II represents the ratio 
of output to input voltage squared of the 
stage on a linear relative scale and shows the 
tuning position (reference 197). 
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output. Considering the optimum gain obtainable using a suitable 
tube in this way, disregarding feedback, we shall refer to r.f. values first. 
In a triode of rather high amplification factor /la — i e., ratio of effective 
alternating voltages at the anode and at the grid causing equal electronic 
currents to be drawn from the cathode — this optimal gain figure is 
approximately Ma/4, if ga > 10, whereas it is much higher with the 
cathode-base circuit as commonly used. At u.h.f., however, gain with 
the cathode-base circuit decreases very rapidly at increasing frequencies, 
whereas the decrease with the grid- 
base circuit is much slower, such 
that from a certain frequency on- 
ward its gain is larger than with 
the former circuit. The exact fre- 
quency where this happens depends 
on the tu})e in question. With the 
tubes suitable at frequencies be- 
tween 30 and (iOO mc/s this reversal 
often occurs between 500 and 2000 mc/s. Relatively similar relation- 
ships are found with tubes suitable at higher frequencies. From the 
preceding data the desirability of a high amplification factor Ha with 
tubes to be used in a grid-base circuit may be inferred. 

In calculating the noise figure connected with a grid-base amplifier 
reference may again be made to Figures 46 and 150 only now inter- 
changing cathode and control grid. Thus Figure 153 ensues, the values 
of Rin and R„ut being, however, different from those in Figure 150 
although the Rout values will in many cases not differ very much. With 
the noise currents in the tube the situation is a little different from 
Figure 150 as will be seen with reference to Figure 39. Instead of a 
noise current ig — ?2 — ii active at the input of Figure 150 we have 
a noise current d active in the case of Figure 153, while the noise current 
?2 is active at the output of Figure 153 as it was approximately with 
Figure 150. The Eqs. (VI. 1.1 2a) may easily be transcribed for the 
present case: 



(VI.1.22a) 

Wo = W (replacing ig by i{). 



Fio. 153 Equivalent to Fig. 150 in the 
case of a grounded-gricl amplifier stage. 


An equivalent reasoning to that of section VI. 1.21 may be used in the 
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present case to obtain a minimum value of Wo and of the corresponding 
noise figure. We have only to replace </> by 


^ = <t>a + 4>i — <l>2 + 


= |^l| exp 


and ao by a quantity boi 


hi = 


l2 


iiYRu 


{YL1.22b) 


(VI. 1.22c) 


Ri„ having the value corresponding to the present case. Even Figure 
151 may be used in the present case introducing the above (;hanges. 
By Eq. (b) the angle will in most cases be positive and near 7r/2 at 
not too high frequencies when the angles (j)a, ‘^^^d <t> 2 , being approx- 

imately proportional to the operating fre- 
quency, are still small. Under similar condi- 
tions the angle <t> of Eq. (VI. 1.125) would 
be very small. As was stated in connection 
with Figure 151, a phase angle yp near 7r/2 
would correspond to a complete elimination 
of Way this quantity then approaching to 
zero. Referring to Figure 154, the fluctua- 
tion currents fi, and are represented by 
vectors, being approximately singly periodic 
a.c.’s within a narrow frequency interval Af compared with the oper- 
ating frequency/. The phase angle ip \2 of Figure 154 is proportional 
to/. Thus i\ and 22 of nearly equal direction and magnitude and iy 
is small compared with either of them at not too high frequencies/. This 
entails that the optimal Woi^ much smaller in the case of a grid-base am- 
plifler than with a cathode-base amplifier, according to Figuie 151. Thus 
we would expect an almost zero contribution of tube noise to the over-all 
noise figure in this case. This has been confirmed experimentally with a 
triode of conventional design and at a frequency of about 100 mc/s. The 
grid-base circuit, using suitable tubes at the fre(iuencies under consider- 
ation, is thus seen to be useful from a noise point of view as it is with 
respect to gain. 

References: 22 , 90 , 197 , 198 , 302 , 372 , 4OI , 



Fig. 154 Phase angle 
<pi 2 between the fluctua- 
tion currents ii and ^2 of 
Figs. 150 and 153. The 
difference of ii and 12 is ig 
and flows to the grid. 
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VL1.23. Wide-band amplification. Referring to the discussion of 
section V.3.24, wide-band amplification is assumed to imply that stage 
gain is independent of frequency within the range considered. The 
reception antenna is in most cases linked to the receiver by a trans- 
mission line. If a tuned half-wave antenna and a coaxial line are used, 
both may be nearly matched at the antenna end as the antenna’s 
radiation n^sistance is approximately equal to the line’s wave inpedance, 
assuming the line to be of optimal design (see section IV. 1.23). In the 
vicinity of the tuning position the antenna’s impedance will be : 

Z^Rr{\+m. (VL1.23a) 

Rr being the radiation resistance, Q the antenna’s quality figure, and 
f having the sense of Kq. (IV.2.1I6). Inserting this impedance value 
into Eq. (IV. 1.226) and assuming Rr to be equal to the line’s real wave 
impedance Zo, we obtain an output impedance 

if the product fQ is small compared with unity. The line losses have 
been neglected. Eq. (6) shows that the phase angle of the output 
impedance Zout of the transmission line may be cither larger or smaller 
than the angle at the antenna. A small phase angle results, if is an 
odd integer multiplied by 7r/4, as the numerator of the fraction within 
pai’entheses then vanishes. In many cases the i)hase angle at the 
line’s output will be larger than at the antenna, calling for a particularly 
low value of Q corresponding to the latter in order to insure proper 
wide-band response. Antenna designs complying with this reciuirement 
have be(in considered in section III. 3. 12. 

We shall assume that a total band width corresponding to a 3 db 
drop of gain on either side of resonance, is required at the input of the 
lirst amplifi(n’ tube. If the over-all shunt capacitance at these terminals 
is i\ this band width results in a resonant impedance at the input of 
l/(27r/^C). The input circuit may be reprevsented by Figure 46, Z^ 
being the transformed output impedance of the transmission line, Zi 
the resonant impedance of the input resonant device (circuit or cavity) 
and Zii the tube’s input resistance. By the wide-band definition men- 
tioned at the start of this section VI. 1.23, the value of Zn — Rin is 
large compared with the present over-all resonant impedance 1/ (27r/iC), 
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which is thus approximately constituted by the shunt connection of 
7jo == vo^Ra and Zj = i2i : 


2^BC = -^ + ^* (VI.1.23C) 

W^Ra Rl 


Optimal gain from the antenna up to the entrance terminals of the first 
tube is obtained if no extra loss of power is incurred in the resistance 
R\j thus requiring this to be large compared with the over-all resonant 
impedance. Thus coupling for optimum gain yields a transformation 
ratio w given by: 




2 


1 

Ra2irBC^ 


(VL].23d) 


If the frequency band of which amplification is desired is made equal 
to B, its ends will incur a drop of gain of 3 db. To avoid this, the band 
B might be made larger than the said frecpiency band. 

In evaluating the input noise figure, use may again be made of 
Eq. (VI. 1.12a), introducing appropriate conditions. As Rin is large 
compared with w^Ra according to our present assumptions, the ex- 
pression for W is simplified to: 


W - 

By the introduction of : 


(VI.1.23/) 

Rf being often indicated as ‘‘noise resistances^ of the tube in question, 
we obtain from Eqs. (c) and (VL1.12a): 

The first term represents the antenna\s noise contribution and the 
second term the tube^s noise contribution. The latter’s relative sig- 
nificance may easily be estimated from Eq. (gf). With modern wide- 
band tubes, Rf IS often about 1000 ohms while C may be about 15 pF. 
At a band width B of 4 mc/s we obtain for the second term of the noise 
figure the value 0.4. I'his is always nearly negligible in comparison 


^2 


igYRt 


Rin 

W^Ra 




(VI. 1.23c) 
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with the first term, which often exceeds unity at carrier frequencies of 
some 40 mc/s. Band widths of about 50 mc/s at a carrier frequency 
of, say, 100 mc/s would be required to make the second term’s contribu- 
tion to the over-all noise figure appreciable. 

In order to connect the noise figure in the present case still further 
with tube properties, the fluctuation resistance Rf may be written 
in the form: 

= (VI.l.23/1) 

\Y\ being the modulus of tube transadmittance as before and T/ a 
temperature which is in many cases between 4 and 10 times the room 
temperature T. Thus the tube’s contribution to the input noise figure 
becomes: 

Tf 2TrBC 

T |F| ’ 

favoring tubes with a low ratio C/\Y\ of input shunt capacitance to 
modulus of transadmittance. 

References: 197, *102, 365. 


VI.1.3. Means of obtaining improved tube performance. As we have 
seen from experimental figures in section V.3.2, tube performance as 
regards gain is in many cases below what would be desirable. Means 
of improving tube performance will be discussed in section VI.1.3. 

VI.1.31. Gain-improving circuits. From the data of section V.3.2 
the main cause of the reduction of gain with relatively narrow-band 
amplifier and mixer stages is seen to be the decrease of input resistance 
and output resistance if the operating frequency is increased. Thus 
the circuits to be discussed in the present section aim at an increase of 
these resistances. One of the simplest of them makes use of an un- 
bypassed resistanc;e in the cathode lead of a tube with indirectly heated 
cathode (see Fig. 155). The capacitance Cf between the cathode 
sleeve and the heater circuit is shunted across the unby passed resistance 
7^3 of this figure, thus still leaving us with a slight bypass capacitance. 
By 7^3 the effective transadmittance Y of the tube is reduced in modulus 
to Fi, approximately according to: 


!r,| 




1 + 


(Vl.l.Sla) 
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At the same time the input resistance of the tube is considerably in- 
creased, as shown by the experimental data of Figure 156. At 60 
mc/s the input resistance is increased from 10 to about 30 k ohms, 
while the reduction of transadmittance according to Eq. (a) amounts 
to about 20% of its original value. The output resistance is also in- 
creased by the unbypassed cathode lead resistance bvit relatively much 
less. Thus, at 60 mc/s corresponding to curve 1 of Figure 156 the 



Fki. 155 Circuit serving to increase the input resistance of a pentode amplifier 
stage at v.h.f. Notation: 1,2 entrance and 2,3 output terminals of the stage; L,C, 
input resonant circuit; Ri, leakage re^sistance of some hundreds of kiloohms; C\, 
blocking condensers (some 10,000 pF)] R% bias resistance bypassed by Cuf, heater 
wires; tr, heater transformer; C/, capacitance between heater and cathodes leeve; 
Rz, unbypassed resistance causing an increiise of stage input resistance (between 10 
and 100 ohms for most pentodes). 


optimal stage gain is multiplied by about 2 by the insertion of /?3 in 
Figure 155, and similar figures may be obtained at different frequencies. 
This circuit is useful up to about 150 mc/s. 

Another simple means of obtaining an increased gain is based upon 
the knowledge that the input resistance of tubes at u.h.f. is to a con- 
siderable extent due to the inductance of the cathode lead. This in- 
ductance serves as a passage for the output a.c. and the voltage set 
up by this current causes a degenerative feedback from output to input, 
resulting in a decreased input resistance. If a low-loss capacitance is 
connected in series with the cathode lead, the ensuing antiresonant 
circuit being tuned at the frequency of operation, the effect of this 
inductance is neutralized and thus the input resistance is increased. 
This circuit is active only in the vicinity of the antiresonant frequency, 
whereas the preceding one is effective over a wider range, as shown by 
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Figure 15G. Still, with amplifiers used at fixed operating frequencies 
a us(iful increase of gain — e.g., by 3 to 5 db — may be achieved. The 
indu(‘Tance being, in many cases, of the order of magnitude of 10“® 
henry, the required capacitance at 40 mc/s ls about 1550 pF. If the 

k Ohms 



150 In])iit expressed in kiloohins (vertiejil scale) of a v.h.f. remote 

cut-off pentode' applyinj? an unbypassed resistance Ps according to Fig. 155 of 125 
ohms at (iO mc/s (curve 1) as dependent on anode d.c. (horizontal scale) controlled 
by grid bias. Curves 5 and 4 pertain to 30 mc/s, curve 3 corresponding to ffs = 0, 
and curve 4 to It'a = 125 olims. Point 2: at 00 mc/s and Ri — 0. 

(‘apacitance is smaller than the antiresonant value, a further reduction 
of input resistance by the ensuing regenerative feedback results. 

Very effective increases of gain at frequencies up to about 300 mc/s 
may be obtained by the use of a double cathode lead, one connected 
to the input and one to the output circuit (see Fig. 157). Obviously 
the degenerative feedback by the cathode-lead inductance causing a 
reduction of input resistance is effectively reduced if a proper tube 
construction is applied. Furthermore, by the use of a capacitance 
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indicated by Ci in Figure 157 a regenerative feedback may be intro- 
duced, resulting in an increase of input resistance. A similar capaci- 
tance, indicated by C 2 in Figure 157, may cause a regenerative feedback 
resulting in an increased output resistance. Thus we may obtain an 



Fig. 157 Diagram to the left: Double cathode lead of a v.h.f. pentode, the induct- 
ances being L\ and Lo and a capacitance C\ Ixung added from the lower end of Li 
to the control grid. Diagram to the right: Addition of a further capacitance Ci 
between the anode and the lower end of L\. 


appreciable increase of gain (e.g., 5 to 8 db) by the application of a 
double cathode lead (reference S64). 

As the causes of a reduction in input as well as output resistance of 
amplifier stages up to about 600 me ^s are to a considerable extent con- 
nected with inductances of the electrode leads, an increase of these 



Fig. 158 Push-pull amplifier stage? utilizing two pentodes. Notation: L,r,r, input 
and output resonant circuits; Ci, blocking condensers; R\, leakage resistors; Ri, bias 
resistance; Ki and A 2 , cathodes; R^, series resistors of anode voltage supply; A, 

antenna coupling. 

resistances may be expected from the application of proper push-pull 
circuits in which no a.c. flows through the leads in question. Consider- 
ing Figure 158, the a.c. in the lead connecting the input resonant circuit 
(LC) with the point 1 is zero in the ideal case of exactly equal halves 
of the entire push-pull stage, as the two a.c.'s corresponding to each 
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part cancel each other in this lead. The two leads connecting the 
point 1 with the cathodes of the tubes retain their degenerative effects 
resulting in reduced input resistance. It is thus recommendable to 
shorten these leads as much as possible This may be achieved by the 
construction of two electrode systems witliin one tube bulb, connecting 
their individual cathodes by a relatively broad strip. Considerable 
success has been attained by the application of such constructions and 
optimal gain figures up to 100 have been obtained in push-pull stages 



0 5 10 15mm 

1 I I I 



Fig. 159 Internal construction of push-pull pentode. Picture 1: connections. 
Picture 2: cross-section perpendicular to cathode axis. Notation: r, cathode; ^i, 
control grids; screens; suppressor grids; ai and 02 , anodes. 


using such double-system tubes of suitable electrode dimensions and 
spacings (down to 70 microns) at about 300 inc/s. If a single cathode 
is used, both electrode systems acting upon different faces of it, the 
reduction of degenerative lengths of cathode lead has been carried to 
its limit (see Fig. 159). Unfortunately, tube manufacturers have in 
some cases hesitated to apply this construction for fear of unequal 
(‘lectrode clearances ensuing on either side of the cathode as a result 
of the manufacturing process. 

References: 158, S/fi, 352, 858, 354, 303, 364- 

VI.1.32. Noise-reducing circuits. Besides the circuits discussed in 
section VI. 1.2, aiming at a reduction of noise figure by proper entrance 
coupling and (if required) circuit detuning, further means of reducing 
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the noise figure may often be successfully applied. A useful circuit 
of this type aims at reduction of the noise resulting from current parti- 
tion in tetrodes and pentodes. This circuit constitutes an application 
of the principles discussed in property D of seed-ion 11.2.22 and at the 
end of section IT. 2.32 (Fig. 47) and Ls shown in Figure 160. A resistance 
U is connected to grid and cathode, representing the resonant impedance 
of a resonant circuit incorporating the total shunt capacitance between 
the electrodes, including C of Figure 160. This capacitance C, together 

with the inductance L, constitutes the 
feedback circuit connecting the subsidiary 
pair of output terminals (nos. 5 and 6 of 
Fig. 47) with the input terminals 1, 2. 
We may consider this LC combination 
as a four-pole containing only passive 
reactances and thus having a gain equal 
to unity and a noise figure also equal to 
unity (see sections 11.2.21 and 22). An 
approximate evaluation of the effect of 
this circuit, valid if 1, a? being 

the angular fre(|uency of operation, will 
now be given, disregarding all noise (‘ur- 
rents not completely correlated with the 
partition fluctuations in question. The partition fluctuation current 
generator active between screen grid and anode causes a partition 
current ip through L and a completely correlated fluctuation voltage 
Vp results between cathode and control grid. By the transadmittance 
¥‘2 (assumed to be real) active between control grid and screen grid, 
the total partition fluctuation current through L is q, + Y 2 Vp and hence 
a corresponding voltage (ip + Y 2 Vp)jo}L easues across L, resulting in 
a voltage (ip + Y 2 Vp)co^LCR across R, this voltage being by our as- 
sumption equal to Vp. Thus: 



Fig. 160 Circuit for the sup- 
pression of partition fluctuations 
at the output of a t(^tro(lc. No- 
tation in text. 


Vp — 


^ i 

Y2R2' 




= Y^J'LC, 


Ri ~ R 


R2 


The value Ri represents the resulting input resistance of the stage with 
noise-reducing circuit. Hence the effect of the latter circuit is regenera- 
tive, corresponding to a negative shunt resistance component —R 2 at 
the input. If Y represents the transadmittance from control grid to 
anode the resulting partition fluctuation current circulating between 
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screen grid and anode is: 


i = ip 


L 

Y2 R2/ 


(VI.1.32a) 


Thus it may be annihilated by a proper choice of /? 2 , i.e., of L and C. 
This evaluation takes no account of phase angles of Y 2 and Y but by the 
theorem 1) of section 11.2.22 we may conclude that the essential result 
is not affected by such angles. 



Fro. 161 Noise fiRuro (vertical scale) of an amplifier stage using a pentode and 
adding extra series inductance to the screen-grid lead (horizontal scale). By the 
application of the circuit according to Fig. 1(^ a substantial reduction of noise figure 

is obtained (reference 197 ). 


An experimental confirmation of this annihilation of partition 
fluctuations was obtained at 300 mc/s. In an entrance amplifier stage 
of a re(!eiver a pentode was applied. The mean square partition current 
fluctuations amounted to about of the total mean s(|uare output 
fluctuations. Hence by a proper application of the circuit of Figure 100 
node(u'ease of over-all mean sejuare output fluctuations to less than about 
3 of its original value may be expected. The noise figure of this amplifier 
stage was measured as dependent on the extra inductance L inserted 
into the screen grid lead (Fig. 101). A decrease of noise figure from 
23 to 15 was obtained, increasing L from zero to 25 X 10”^ henry. 
This ratio 15/23 is close to the expected decrease to f of the original 
value. With this tube: 

\Y\ = 7 m mhos, IF2I = 0.9 m mhos, R = 500 ohms, C = 2pF, 
Hence I/R 2 = 2.2 X lO"'^ mhos at a? = 27r3 X 10^ cycles/sec. Assum- 
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ing the total screen lead inductance to be 35 X henry (25 X 10""® 
henry extra inductance and 10 X 10”® henry original lead inductance) 
the expression between parentheses in Eq. (VI. 1.32a) works out as 
0.04, which again affords satisfactory confirmation of the above theory. 

The regenerative effect of the screen lead inductance may be combined 
with its noise-reduction properties. But in most cases optimal noise 

reduction calls for an inductance, 
the regenerative effect of which, as 
in the above example, is relatively 
unimportant. By using a tap T on 
the inductance L (Fig. 162) at an 
intermediate position between its 
terminals A and B we may achieve 
annihilation of partition fluctuations 
at the output (in Fig. 162 pictured as 
a short-circuit connection between 
the anode a and the tap T) while 
at the same time using the entire 
inductance between A and B ior re- 
generation. It Is perhai)s needless 
to say that the above noise reduc- 
tion and regeneration may also be 
applied to push-pull circuits. 

References: 197, 363, 396,401 ,408. 

VI.1.4. Feedback, gain control, 
and distortion. The performance of 
amplifier stages is in many cases 
appreciably affected by feedback, by 
the requirements of gain control, automatic or manual, and by distor- 
tion of the amplified signals. 

VI.1.41. Feedback. Because of the feedback occurring to a (*ertain 
extent in most stages and tubes under consideration, the input impedance 
is dependent on the impedance at the output. Ascribing the feedback 
to a capacitance C/{i^ee section V.3.22), the resulting input admittance 
be(*omes : 



Fig. 162 Noise-rcdnctioii circuit 
similar to Fig. 160 but with a taj) T on 
the inductance L between its terminals 
A and B. The inductance between 
B and T may be adjusted so as to 
obtain a minimum value of partition 
fluctuations in the output lead con- 
necting the anode a anil the tap T. 
The total inductance between A 
and B may be chosen so as to yield a 
proper value of regeneration to the 
input in order to obtain an increaswl 
.stage gain. 


J_ ^ 1 >C/F 

Zi 1 ’ 


(VI.1.410) 
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Zi denoting the input impedance if the output is short-circuited, and 
Z being the total impedance between the output terminals. The out- 
put admittance 1/Z will be represented by a shunt connection of a 
conductance 1/72 and of a susceptance juiC. As soon as the real part 
of the input admittance l/Zi^ becomes negative and of sufficient amount 
by manipulation of 1/Z, instability results and oscillations may be 
started, often prohibiting the application of the stage for amplification 
purposes. We shall derive a necessary limitation of the admissible 
feedback capacitance Cf from the requirement of the said total input 
conductance to be positive. By Eq. (a) we obtain: 


1 

R^n 


Ri 


+ ^0|F|/? 




sin yp + o)CR cos 


1 + cc‘^C-R‘^ 


(VI.l.4b>) 


the transadmittan(‘e V being complex: F = |f| exp (~j\p) at the 
present u.h.f. (see section V.3.22) and identifying the output resistance 
Avith R. By the output impedance of the preceding stage being shunUnl 
to Zin the total input conductance without feedback will always be 
higher than l/Ri (assumed to be positive). If the second term of 
Eq. (h) contributes a negative conductance which is smaller in amount 
than l/Ri, stability will prevail under all possible input coupling con- 
ditions, assuming the preceding stage to have a positive output con- 
ductance. By section V.3.22, C/ may be of positive or of negative 
sign at u.h.f. Assuming Cf to be negative, the expression of Eq. (b) 
between parentheses should be positive and as large as possible under 
the conditions most favorable to instability. Hence coCR = 
(1 — sin ^)/cos \p if yp < 7r/2 and the limiting condition to T/ is: 

I Yu/fRRi\ < , , , • (VI. 1.41c) 

1 + sm yp 


If Cf is positive, the expression between parentheses should be 
negative and of as large modulus as possible. Hence; coCR = 
— (1 + sin ^)/cos yp and the ensuing condition becomes: 

|ru,0«/?il < ^T— 7> (VI.1.4F/) 

1 — Sin yp 

Whereas the limit (c) decreases if yp increases from zero to 7r/2, the limit 
d increases and hence becomes more favorable. If input and output 
coupling of the stage in question are adjusted corresponding to optimal 
gain, Ri must be replaced by Ri/2 and R by R 2 / 2 , the value Ro being 
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the tube\s output resistance. Hence a larger modulus of feedback 
capacitance |C/| may be tolerated in this case. 

Besides the possible instability ensuing from too large moduli of 
feedback capacitance, a reduction of gain is caused by feedback. If 
the optimal gain of a stage disregarding feedback is: 

go = \\Y\^R,R-2, (VI.1.41e) 

the optimal gain taking feedback into account becomes approximately: 


{Jo 

1 ~i“ 


(VI. 1.41./) 


assuming total input and output tube impedances to be real and ecpial 
to Ri and Ro respectively. 

Using triodes in amplifier stages, the effe(‘tive feedback often requires 
special measures aiming at its reduction in cathode-base circuits. These 
special so-called ^‘neutralization” circuits have been applied in many 




Ficj. 1()3 Neutralization of feedback 
at v.h.f. and u.h.f. by means of a re- 
sistance ill series with a capaci- 
tance 


Fk;. 104 Equivah'iit bridK(‘-circuit to 
log. 103. The dotted shunt resistance 
to (^2 may be caused by additional 
losses. 


varieties and no exhaustive discnission will be attempted here. Assum- 
ing the feedback in a cathode-base triode to be repiesented by a series 
connection of a resistance R/ and of a capacitance Cf at u.h.f., a suitable 
neutralization cinniit, using an additional capacitance Cn and resistance 
Rn, is shown scdu^rnatically in Eigun^ 103. dliis diagram may be repre- 
sented by a bridg(‘ circuit as shown in Figure 104, whicdi is perhaps 
self-evident. Instead of a capacitive^ tap on the input tank circuit, an 
inductive tap may be used, as well as taps of both kinds on the output 
resonant circuit, instead of on the input circuit. Another simple means 
of neutralization is connected with the application of a suitable push- 
pull circuit as shown in the schematic Figure 105, whiedi is also perhaps 
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self-evident. Instead of triodes, tetrodes or pentodes may be used in 
similar circuits, neutralization being applied to the screen grids in the 
latter cases (Fig. 166). By the screen lead inductances and the capaci- 
tances between screen grids and 
control grids this neutralization has 
an effect similar to that of Fig- 
ure 165. 

If grid-base circuits using triodes 
are applied, the effective feedback 
capacitance, being now between 
cathode and anode instead of between 
grid and anod(% is much n^duced if 
compared with cathode-base circuits. 

Hence no mnitralization need be ap- 

I,li0(l in many such cases though a Neutralization of feclbaek 

certain reduction in optimal gam at v.h.f. and u.h.f. in a push-pull triode 
according to Eq. (V.1.31/) must be circuit (see eai)ti()n of Fig. 16G). 
taken into account. 



With push-pull circuits lack of balance sometimes occurs, by which 
the voltages of corresponding electrodes (e.g., control grids or anodes) 
are not exactly counterphase and of equal magnitude. If satisfactorily 

small feedback is achieved for bal- 



anced voltages, the unbalanced parts 
may still suffer from considerable 
feedback, corresponding electrodes 
being in shunt connection for these 
unbalanced voltages. It is in some 
cases necessary to provide special 
means of ascertaining balanced con- 
ditions (e.g., by using suitable taps 
for the ground connections at the 
anode and grid coils of Figure 165 


Fui. ic.(i Noufralizatiun of feedback or by using unequal neutralizing 
at V.h.f. and u h.f. in a push-pull values and C,, in the two con- 


tetrode eireuit. The .short -circuit con- 
nections cathodes and control 

grids in Figures 165 and 166 are in 
error and should lx* replaced by induct - 
an(‘os, while the cathodes should be 
grounded directly. 


nections). In other cases special 
neutralization of unbalanced feed- 
back has to be applied, for which 
a circuit similar to Figures 163 and 
164 may be suitable. 
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By the circuit indicated in Figures 160 and 162, aiming at a sup- 
pression of partition fluctuations at the output, an increase of feedback 
is involved, as voltages are set up between screen and cathode, which, 
by the screen-control grid capacitance, directly result in output voltage 
components landing on the input. If the feedback capacitance is C/ 
previous to the insertion of the inductance L, the value upon insertion is: 

C/i = C/ - MCa2 = O - ' (VI.1.41g) 

I 112 

Ca 2 denoting the capacitance between anode and screen grid. Assuming 
Ca 2 = 1 ^^2 =" 150, T/ = 3 X 10"^ pF, we obtain jC/ij = 4 X 

10“^ pF. Thus the increase in feedback capacitance is almost negligible 
in this example. With pentodes, the capacitance Ca 2 often smaller 
than 1 pF because of the screening effect of the suppressor grid. In 
such cases the increase of feedback is hardly appreciable if full sup- 
pression of partition fluctuations is aimed at. If, however, the screen 
inductance L is increased beyond the value appropriate to full suppres- 
sion, in order to obtain regeneration and an increased gain, the effect 
on feedback capacitance must be taken into account by means of 
Eq. ({/), When it is known, a decision upon its effect on stage operation 
may be reached by means of the preceding Eqs. (c), (d), and (/). 

References: 280, 302, 34(>, 348, 353, 35 J^, 356, 364- 

VI.1.42. Volume control and distortion. The available input power 
at the entrance of tlu^ first amplifier stage of a receiver may vary widely 
by variations of the specific signal power at the reception antenna, due 
to fading Oind to other causes (see section 1.1). If an invariable 
adjustment of receiver gain should be maintained, inevitable over- 
loading and distortion would result at the higher signal levels, if proper 
reception of the lower levels were obtained. CV)nversely, if overloading 
at the higher levels were avoid(‘d, poor reception of the lower levels 
would ensue, the level difference of specific signal power being often 
40 db or more. As these variations in signal level often occur in rapid 
succession, only automatic volume (or gain) control can provide proper 
means of avoiding the said undesirable effects. While the exact design 
of a.v.c. will be dealt with in chapter VII, we shall consider only the 
means of a.v.c. and its effects on amplification in the entrance stages 
here. The most popular a.v.c. is by variation of control-grid bias 
voltage. In some cases bias control has been applied simultaneously 
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with variation of Hcreen-gricl voltage in pentodes (more negative bias 
corresponding to a higher screen voltage) by insertion of a properly 
bypassed high rasistor (e.g., 50 k ohms) in series with the screen-grid 
voltage supply. In other causes negative bias voltage has been applied 
to the suppressor grid of a pentode. It may be well to discuss briefly 
the effects of these biasing procedures on amplification and especially 
on distortion. If a singly periodic signal voltage of amplitude Vo is 
applied to the input of an amplifying tube, assuming its output to be 
short-circuited, the output a.c. will in general not be singly periodic. 
We may, however, select the output current component of equal 
frequency as the input voltage. It may be shown that this output 
current amplitude lo is not exactly proportional to the input voltage 
amplitude, but is given by: 

/„ = |ri|y« + \Y,\Vl + iFsIy® + • • • (VL1.42a) 

etc. By applying singly periodic AM to the input voltage, writing 
Vo{l + nia cos ^t) instead of Vo and inserting this into Eq. (a), the 
output current is not only modulated by the angular frequency but 
also by multiples of Q and the out])ut current has a modulation co- 
efficient 7% vhich is larger than nia. We obtain approximately; 

Vi (2 - |m;). (VI.1.426) 

If lUa is near to 1, serious distortion might arise from this effect upon 
rectitication, but at small valu(\s of nia little harm is done, in most cases. 
The modulation coefficient ///2 of the output current with twice the 
angular freciuency il is approximately: 

piaVl (VI. 1.42c) 

If two different modulation freciuencies corresponding to and i }2 
are present in the input signal, the output current shows a coefficient 
771^ of modulation, corresponding to the angular frequencies 
which is approximately: 

= 3 ^ Vi (VI.1.42rf) 

Finally, if two signals, one of amplitude Vo and a second of amplitude 
Vc; present at the input, their carrier frequencies showing relatively 



nio - mo 


7na 




238 


ENTRANCE STAGES OF RECEIVERS 


little difference, while Vo is unmodulated and Vc fe modulated at an 
angular frequency Q with a modulation coefficient iria, the output current 
corresponding to the carrier frequency of Vo shows a modulation rric with 
the angular frequency which is approximately: 


rUc 

= 1 


— 


ma\ 




V^ 

^ r. 


(VL1.42C) 


This effect is called cross-modulation. Obviously all those distortion 
effects depend on the ratio and this is dependent on the local 




Fio. 1G7 Left diagram: (\irve no. 1 represents the short-circuit anode current 
(vertical linear scale) as dependent on the control-j^rid bias voltaRe (horizontal 
linear scale) in the case of an ideal tube construction. Curves 2 to 1 represcuit the 
first, second, and third dilTerential coefficients of curve 1. Thus the ratio of curves 
nos. 4 and 2 becomes very large near the cut-off point of curve no. 1. Right diagram : 
The curves 1 to 4 repre.sent the same quantities iis in diagram a on a vertical log- 
arithmic scale, the horizontal scale being linear (bias voltage) in the case of a “remote 
cut-off” characteristic curve. Here the ratio of curves nos. 4 and 2 is constant 
throughout the course of curve no. 1. 

curvature of the tube characteristic according to which the short- 
circuit anode current is dependent on the control grid voltage. The 
ratio described is proportional to the ratio of the third to the first 
differential coefficients of the anode current curve in question. This 
ratio is shown in Figure 167 for two types of curves. Obviously the 
type of diagram h is to be preferred if large bias voltages and correspond- 
ing volume control are to be applied. But unfortunately such a full 
logarithmic or ''exponentiar’ anode-current curve cannot well be applied, 
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as it would entail too large anode d.c.'s at small bias voltages. Such 
large anode d.c.\s result in correspondingly large noise currents and 
would cause intolerable noise figures of the stage in question. For 
this reason a compromise is often applied in which the anode-current 
curve is of type 167a at small bias voltages and of type 1676 at medium 
bias voltages, falling back on type a at very large bias values. Thus 
tolerable anode d.c. and noise are combined with tolerable distortion 
efTects. Though this general pattern of amplifier tube is now of almost 
universal application, rather wide differences in individual choice of 
compromise exist between tubes of different manufacturers. 

Besides the distortion effects mentioned above, some further effects 
caused by volume control must be considered. As is evident from the 
impedance data of section V.3.22, both the input resistance R\ and the 
output resistance Ro are considerably increased by the application of 
control-grid bias voltage. Hereby a mismatch at the input as well as 
at the output results, if a particular coupling has been adjusted at a 
definite bias. The increase of these resistan(‘es also entails variations 
of band width. The seriousness of these effects depends on the par- 
ticular case under discussion and will be dealt with in chapter VII. 
But some means of avoiding at least part of these variations will be 
considered here. From Figure 156 in comparison with Figure 141 it 
is obvious that a suitable unbypassed cathode-lead resistor as shown 
in Figure 155 may cause a nearly constant input resistance over a 
considerable range of bias voltage. This measure also causes a second 
effe(*t to be much decreased: the variation of input shunt capacitance 
by bias variation. A nearly constant input capacitance may be ob- 
tained over a considerable bias range. As for the variation of output 
shunt capacitance by alteration of bias voltage, this effect is very small 
and practically negligible. But suitable remedies for the attending 
variation of output resistance R 2 are still somewhat la(‘king. 

With wide-band amplification the variations of input and output 
resistances arc in general not of great importance, but the variation 
of input capacitance, if unremedied, may have an undesirable effect. 
The center of the band under consideration may be shifted by this 
variation of capacitance and this shift may result in distortion, e.g., in 
television. Hence the application of a suitable unbypassed cathode- 
lead resistor is specially recommendable in these cases. 

If gain-improving or noise-reducing measures of sections VI. 1.2 and 
VI. 1.3 are applied, gain control by variable bias is not admissible as 
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a rule, because the inherent variations of tube data upset the action 
of the circuit in question. 

References: 22, 96, 123, 187, 190, 260, 285, 302, 313, 346, 362. 

VI.2. Mixer Stages 

In many cases a mixer sta^c^ is preferable to an amplifier stage at the 
entrance of a receiver. The main properties of different mixer stages 
will be discussed here. 

VI.2.1. Single- and multi-grid tube mixer stages. A full under- 
standing of the relevant properties of u.h.f. mixer stages necessitates 

a dis(‘ussion of their general opera- 
tion as well as of the performance 
of particular types. 

VI.2.11. Operation of single-grid 
mixers. With single-grid mixers 
the input and the oscillator voltage 
are both applied to the tube input. 
The simplest way of achieving this 
consists of a series connection of 
both voltages as shown in Figure 
168, the oscillator voltage Vosc being 
injected by means of a small coil, 
assuming a separate oscillator stage 
supplying this voltage. The anode 
l(‘ad contains a circuit resonant at 
the intermediate or output frequency, this being usually the difference 
between oscillator and input freciuency: 


Ant 



Fkj. 108 Single-grid mixer eireuit, 
the oscillator as well as the input volt- 
ages acting between cathode and first 
control grid. 


^out — j^osr (VI.2. lltt) 

If the output angular frequency Wout is small compared with the input 
angular frequency coin, the oscillator's angular frequency ooosc is obviously 
close to the latter and undesirable interaction may thereby be created 
between the oscillator and the input circuit of Figure 168. In some 
cases the oscillator coil was inserted into the cathode lead in series 
with the bypassed bias resistance R, but at u.h.f. interaction remains 
appreciable via the tube's input impedance and besides this an extra 
input loading is caused by the cathode-lead inductance (see section 


OPERATION OF SINGLE-GRID MIXERS 


241 


VI. 1.31). A circuit which avoids interaction is shown in Figure 169, 
at the same time deriving the oscillator voltage from the mixer tube 
itvself. With this circuit, however, some loss of gain is involved between 
the antenna and the tube entrance due to the bridge connections. We 
shall discuss some push-pull mixer stages in section VI. 2.4 which, if 
applied correctly, are free of such 
interaction. 

The operation of a single-grid 
mixer stage may be discussed best 
by considering the transadmittance 
versus grid bias voltage curve (Fig. 

170). By application of a proper 
steady bias \()ltage (R and R of 
Fig. 168) the oscillator voltage in 
this case varies between — 10 and 
— 2 volt, causing a transadmittance 
versus time curve as shown in the 
lower part of Figure 170 and more 
fully in Figure 171, together with 
the resulting anode current la versus time. An interval 27r on the 
horizontal scale of Figure 171 corresponds to one full period of the 
oscillator voltage The t ransadmittance versus time curve of Pdgure 171 
may be decomposed into singly periodic components: 

Y — 1 y + Yl cos 0)o8ct + p 2 + • • • . (VI.2.11/>) 

The separate values T„, Yi, Y 2 are dependent on and on the input 
angular frequency under application. They are in general complex 
at u.h.f. and real at r f. FiValuating the anode current if an input 
voltage V^ exp is applied, we obtain components of several 

frequencies from which we now select only those of angular frequency 
^out = \oJin — Tliis is, by Eq. (6): the multiplier I 

resulting from the decomposition of cos into its exponential ele- 
ments. The value Yi ^2 is usually indicated as conversion transad- 
mittance Yconv A rough estimate of its value at r.f. in relation to the 
top value of Y in the course of one oscillator period may be obtained 
from Figures 170 and 171. The value of Y oscillates between zero 
and this top value during one oscillator period. Hence Yi will approxi- 
mately be half and about | of the top value of Y. It is, in most 
cases, of efficient mixer operation between .j and \ of the latter value. 



Fid ir/) Sui2:le-^n(l mixer ciieuit 
avoiding iritei .iction between input 
and oscillator by the use of bridge 
connections. 
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At u.h.f. this relation is approximately valid in connection with the 
moduli of these admittance values. 

Besides the conversion transadmittance, the values of effective input 
and output impedances under operating conditions are important data 



Fi(J. 170 Upper nirve: Transconchictaneo (in inlios, vertieal scale) versus prid 
bias voltage (volts, horizontal scale) of a remote cut-off pentode. Lower left curve: 
Grid oscillator volts versus time (vertical scale). liOwer right curve: Ensuing trans- 
conductance (horizontal scale) versus time. 

of performance. In Figure 141 (experimental data of th(^ input resistance 
of an amplifier tube as dependent on bias voltage are shown. Assuming 
the input and oscillator frequencies to be incommensurable and the 
corresponding voltages to be of random mutual phase, the effective 
input resistance active at the angular frequency o^in is obtained by 
averaging (taking the arithmetical mean value) ovt^r one period of 
oscillator voltage. As soon as the oscillator as well as the steady bias 
voltages are known, the resistance versus time curve may be obtained 
from a curve as shown in Figure 141 by a graphic procedure similar 
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to that of Figure 170. Under conditions of operation similar to those 
of Figure 170 an effective input resistance results, several times that 
at top transadmittance in an amplifier stage. A similar procedure 
may be applied to the input capacitance as well as to the output im- 
pedance. With the latter value the above assumptions of incommensur- 
ability and mutually random phase between input and oscillator fre- 
quencies and voltages are sufficient to justify the application of the 
above averaging process in obtaining the output impedance effective 
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Fkj. 171 Anode current la and transeonduetanee Y (vertical scales) versus time 
(‘iisuing from operational conditions similar to Fig. 170. 



at the iii1(Tme(liat(‘ angular frequency Wout’ With the output resistance, 
a value s(‘veral times that at top transadmittance in an amplifier stage 
r('sults from tlie averaging process as indicated (see Fig. 140). These 
(lata — conversion transadmittance Yconvy (effective input resistance T?*,,, 
and output resistance Rout^ -determine the optimal gain: 

g = i\yc,.,u.\-R,nKu,, (VI.2.11f) 

if the band width B is such that 2Tr BC 1 and C I /Rout (i.e., 
with very narrow band mixer stages, C being the input or output capaci- 
tance respectively). In many cases, as ooout and Rout > Rin, we 

have 2TrBC\n Rin but 2Tr BC out ^ I Rout and the effective gain 
becomes : 

These data combined with those of section V.3.22 may be used to 
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obtain a check and confirmation of the experimental gain dat^ of single- 
grid mixer stages mentioned in section V.3.12. With most mixer stages, 
even triodes, the effects of feedback capacitance on gain and on possible 
instability may be disregarded because of the small impedance which 
the input circuit offers to voltages of output frequency. If it is not 
negligible, feedback may be evaluated on the basis of the equations of 
section VI. 1.41. In these cases, feedback active at the input, the 
oscillator and the output frequencies should be examined, inserting the 
impedance values at these respective frecpiencies. 

References: 3£, 150, 160, 161, 163, 187, 190, 196, 302, 342, 344, S59, 

362, 401, 

VI.2.12. Operation of multi-grid mixer stages. The multi-grid mixer 
stages now in us for frequencies above, say, 6 mc/s input frequency, 
are in many cases of the heptode type, this name being derived from the 
Greek word for the number (7) of electrodes involved (cathode, 5 grids 
and anode). We shall abstain from a description of other multi-grid 
mixers. The grids, counted from the cathode, have the following 
functions: control grid, screen, second control grid, screen and sup- 
pressor (of secondary electrons), the control grids being of negative 
bias, the screens of positive steady voltages and the suppressor usually 
connected to the cathode. One of the two control grids is connected 
to the oscillator voltage and the other one to the input voltage, the 
latter usually corresponding to the first control grid, though the reverse 
connection is sometimes used. We shall, however, refer to the former 
situation. The object of providing mutually screened grids for input 
and oscillator voltages is to prevent mutual interaction between the 
respective circuits. Though this aim is attained in a satisfactory 
manner at r.f., interaction remains present above, say, fi mc/s, and 
usually increases if the input frequency is increased. 

In order to discuss the operation of a mixer tube as described, we 
consider the transadmittance from the input control grid to the anode 
as dependent on the bias of the oscillator control grid (Fig. 172). 
Obviously a transadmittance versus time curve results from the action 
of oscillator voltage, which is very similar to that of Figure 171 in the 
case of a single-grid mixer. The subsequent discussion is entirely 
along the same lines as set forth in the preceding section and we need 
not repeat it here. As a result a conversion transadmittance is obtained 
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which is between about ^ and ^ in modulus of the transadmittance at 
zero bias of the oscillator grid (referring to moduli at u.h.f.). 

As with single-grid mixers, we have to deal with effective input and 
output impedances besides transadmittance. With output impedance 
the situation is much the same as in the case of single-grid mixer tubes 
and no further comment is needed. With input impedance a slight 



Fig. 172 Transadniittance of multi-grid mixer tube (full curves) from input signal 
grid to anode as influenced by oscillator swing (lower figure) as well as anode current 
(broken curves) under same conditions. 

difference results from the electronic motion in the heptode. If the 
bias voltage of the second control grid is made increasingly negative, 
the resistance between the first control grid and the cathode decreases 
due to additional space charge resulting from electrons the direction 
of which is reversed by the decelerating field in the space preceding 
the second control grid. This effect is shown for a particular tube in 
Figure 173 at a frequency of 21 mc/s, the input conductance as well 
as the input shunt capacitance being recorded in dependence of bias 
on the second control grid. ObvioUvsly the present situation differs 
from that connected with a single-grid tube, where the input conduct- 
ance and the shunt capacitance both decrease with increasingly negative 
bias. The upshot is that by application of the averaging procedure 
mentioned in the preceding section the effective input resistance becomes 
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lower than the value at zero bias of the second control grid, instead of 
higher, as in the case of a single-grid mixer. By this effect the gain 
figures of a heptode mixer stage are considerably lower than those of 
comparable single-grid mixers at frequencies above, say, 15 mc/s. The 
usefulness of heptode mixer tubes beyond about 00 mc/s is, therefore, 
doubtful, unless of special construction. 




Fig, 173 Input capacitance varial ion (expressed in ])F on vertical scale in upper 

picture) and input conductance expressed in units equal to 0.1 niilli inhfxs (vertical 
scale in lower j)icture) uf a heptode tube* ineasun'd betw€‘en the grid lU'arest to the 
cathode and the catho<le as dependent on the voltage of grid 3 (horizontal scale) 
under nornial operating conditions of the other electrodes 

As to the interaction between both control grids and their attached 
circuits, this is due, first, to electrostatic capacitance (often limited 
to some 0.02 pF by the interposed screen grid) and, second, to elec- 
tronic motion between these grids. The electronic stream being mod- 
ulated by both voltages at their respective frequencies, induction of 
alternating charges at corresponding frequencies upon the respective 
grids will result. By the reversing electronic motion in the space 
preceding the second control grid induction of alternating charges of 
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oscillator frequency on the input control grid ensues. These alternating 
charges result in spurious and undesirable voltages of the wrong fre- 
quencies being set up across the circuits connectc'd to the said grids. 
Thus we obtain interaction, which increases at higher frequencies. 
Several remedies, such as suitable neutralizing impedances, have been 
applied, and within a limited range of frequencies satisfactory per- 
formance may l)c obtained in this way. 

Some (‘iirves showing conversion transadmittance in dependence of 
oscillator voltage are shown in the case of a modern heptode and for 
a single-grid mixer i)entode in Fig- 
ure 174, the oscillator voltage swing 

U ifihOS 

being equal to the steady bias volt- ♦ 
age in each case. These typical | 
curves indicate that oscillator volt- 
age should exceed a definite amount 
corresponding to top conversion 
transadmittance, wdien minor varia- 
tions of oscillator voltage will have 
relatively little effect on gain. 

References: 150 ^ 1 ^) 9 , 160 , 161 , 

163 , 301 , 342 , 344 , 349 , 350 , 351 , 

355 , 358 , 360 , 362 , 401 . Fig. 174 ConverMon tianssidinittance 

(vcrtic'al scale, expressed in micro 
VI.2.13. Interference effects. As single-p;nd mixer according to 

with amplification .stages, volume f 

. . mixer (curve a) as dependent on oscil- 

or gam control of mixer .stagcH is 

in general desirable, and in many 

cases a.v.c. will be applied to the entrance mixer stage. This volume 
control is, in most cases, based on bias regulation of the input grid 
voltage. Again as wuth amplifier tubes, the anode-current amplitude 
lo of output frequency (assuming the output terminals to be short- 
circuited or nearly so) is dependent on the amplitude of input voltage 
Vo (of input angular frequency w,n) by an equation w'hich is fonnally 
identical with Eq. (yL1.42<7) so that w'e need not repeat it here, \ Yi\ 
now' representing the modulus of conversion transadmittance and F 3 I, 
IFsI, etc., the respective quantities corresponding to transadmittance 
at higher input voltage levels. From this eeiuation the various distor- 
tion effects connected with mixer operation may be derived and the 
results correspond entirely to those obtained in the case of amplihcatioii 
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(see section VI. 1.42). In fact, the Eqs. (6, c, d, and e) of that section 
may be applied directly to the present case, thus obtaining the increase 
of AM coefficient, the AM coefficient of twice the fundamental fre- 
quency of modulation, the AJ\1 coefficients of differences of modulation 


Volts RMS 



Fig. 175 Conversion transconductance (horizontal scale of lower curve) as de- 
pendent on input grid bias (vertical scale of lower curve) of typical triode-heptodc 
mixer valve. Admissible input signal r.m.s. voltage causing 1% cross-modulation 
(vertical scale of upper curve) as dependent on conversion transcoiiductance (hori- 
zontal scale). 

frequencies, and the coefficient of cross-modulation at the output. As 
with amplification, a conversion transadmittance versus bias curve 
sloping down gradually at increasingly negative bias voltages is required 
in order to keep the distortion effects within tolerable bounds. Some 
curves related to the same heptode mixer tube as Figure 174a are shown 
in Figure 175, the lower curve corresponding to the conversion trans- 
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conductance (at r.f.) versus input bias voltage and the upper curve 
giving the input cross signal voltage for which the cross-modulation 
latio according to Eq. (VI.1.42e) is exactly 1%. From the former 
curve the almost exactly exponential dependence of conversion trans- 
conductance on bias voltage will be noted, causing the more or less 
constant level of the latter curve according to the said equation. By 
this remote cut-ofT character of the former curve a rather large anode 
current at low bias voltages is caused, and this tends to increase the 
noise figure (as will be further elaborated in section VI. 2. 14). 

A second type of interference is inherent in the mixing process and 
lias no parallel in amplification. Besides the required relation between 
the three frequencies under consideration; 

^out ~ \^in ^uscjj (VI. 2. 13a) 

additional equations of the type: 

^out ~ ^osc^oscj (VI. 2. 136) 

may be satisfied simultaneously, qin and Qosc being integers. Suppose 
that one of the Eqs. (6) is approximately satisfied, the right-hand side 
being relatively little different from the left-hand side. Then we will 
liave at the output one a.c. of angular frequency iCout corresponding to 
Eq. (a) and a second a.c. of an angular frequency relatively little dif- 
ferent from corresponding to Eq. (6). Both a.c.’s give rise to 
output voltages that are further amplified and subsequently arrive at 
the rectification stage (or second detector stage, the mixer stage being 
sometimes indicated as first detector). By the process of rectification 
a beat note of frequency corresponding to the difference between the 
frequencies of the said two a.c.^s is created and this beat note at the 
output of the rectification stage may be harmful to reception. With 
superheterodyne sound receivers such beat notes give rise to the well- 
known whistles, and this type of interference is therefore sometimes 
called ^‘whistling notes’ b We have thus far assumed that only one 
singly periodic input voltage, besides the oscillator voltage, is active 
upon the mixer tube. By lack of selectivity, however, several input 
voltages of different carrier frequencies may l^e simultaneously present 
at the mixer tube’s input terminals. Suppose that one (desired) voltage 
of angular fequency o^in and a second spurious voltage of angular 
frequency are present. Then, besides Eq. (VI. 2. 13a) the equation: 

^out ” i Qin^in ^ (7osc^o«cj (^ 1.2. 13c) 
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may be approximately valid (in the above sense) simultaneously. 
Again, beat notes or whistles may be created, giving rise to undesirable 
interference. This process may obviously be extended to an arbitrary 
number of spurious input voltages. Thus the possibilities of obtaining 
beat notes are many. Fortunately, not all of these potential whistles 
are of equal strength, i.e., output current at the mixer stage. If the 
integral multiplier of an input frequency in Eqs. (r) or (h) is q (i.e., 
either qin or qi^) the r.m.s. output a.c. corresponding to the equation 
in question is proportional to fothe 7^^ power of the input 

voltage of the frequency multiplied by q in one of the cciuations. As 
these spurious input voltages are mostly relatively small, the beat notes 
diminish rapidly in strength if q increases. Hence only the lowest 
integers q^rl or q'i^ in Eqs. (/>) and (c) need be considered, i.e., only 
unity or two at most. Furthermore, the beat notes diminish in strength 
if qosc in h^qs. {h) and (c) is incn^ased, though in general more slowly 
than in the preceding case. 

Some particular cases of multiple input response of mixer stages 
will now be considered by way of examjdes. First, the so-called image 
response which plays a considerable })art in most u.h.f. mixer stages. 
With it the spurious angular freciuency is + ^out, if the 

desired relation is Win = (^osc — ^out) or, conversely, if the former 
equation represents the desired relation, the spurious angular frequency 
satisfies the second one. The reason for the name ^ ‘image will be 
evident from this explanation as ttu' diffcTence between and both 
input angular frequencies is of eciual modulus, dliis image response 
may be effectively eliminated only by the application of a sufficiently 
selective circuit preceding the mixer tube. At u.h.f. such selectivity 
is, however, often difficult to obtain because of the smallness of o^out 
relative to o^oac (and to or and thus image I'csponse often persists 
to a considerable degree and its resulting effects, especially in relation 
to noise (sec section VI.2.14), must be faced. Another spurious re- 
sponse which has been found to cause trouble at somewhat lower fre- 
quencies corresponds to qosc = 2 and q[^ = 2 in Eq. (c), being zero. 
For instance, if co^n = 27r X lOmc/s, c^out = 27r X 0.5 mc/s, = 
27r X 10.5 mc/s, win = 27r X 10.251 mc/s, we obtain 2 X 10.5 — 2 X 
10.251 = 0.498 mc/s, and a beat note of 2 kc/s results with the desired 
output frequency of 500 kc/s. These examples might be extended 
almost without end. 

Besides the above interference effects which are due to non-linearity 
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of the mixer action, its output voltages and currents being only ap- 
proximately proportional to input voltages and currents (though of 
different frequencies), further interferences have been found to arise 
from the interaction between oscillator and input circuits. Only one 
instance will be given pertaining to a heptode mixer tube. By such 
interaction a certain amount of input voltage arises at the oscillator 
grid and by a mixing process in the oscillator stage this is converted 
to a voltage of output frequency at the oscillator grid, being then 
amplified directly to the mixer output. If of unfavorable phase, the 
resulting output a.c. may cause a reduction of the total a.c. of output 
frequency and hence of mixer-stage gain. Several similar examples of 
undesirable effects caused by interaction could be given, all of them 
pointing to the necessity of avoiding their primary cause (interaction). 

References: 3J^3, 344, S49, 351, 355, 358, 359, 360, 362. 


VI.2.14. Noise figures. In a triode amplifier tube of ideal constnic- 
tion the noise-current generators supplying the fluctuation current 
between (‘athode and grid and ?2 between grid and anode are comi)letely 
intercorrelated (see Fig. 39). If the same triode is applied in a mixer 
stag(\ th(' relevant noise currents gemmated between cathode and grid 
on the one hand and between grid and anode on tlie other are not com- 
pletely correlated. This is mainly due to tlieir respective frequency 
intervals Af being centered round different frec(uencies, corresponding 
to the injnit and output circuit. Thus the output noise current cor- 
responding to an interval Af centered round fout is partly due to noise- 
current components, originally centered round fout and to components, 
originally centered round other frequencies (among these is /,„) and 
finally centered round fout by the action of the oscillator voltage, causing 
a variation of transadmittance of fundamental angular fre(]uency 
With multi-grid mixer tubes, applying single or double grid mixing, 
this correlation bet\\'een relevant noise currents and voltages at the 
input and at the output is still weaker, due to the effects of current 
partition fluctuations. As an approximation satisfactory in most 
cases, we shall assume a complete incorrelation between the noise 
current ii at the input and the tube-noise current i active at the output 
in a frequency interval A/ centered round fout- This output noise 
current i is given by the equation: 

? = 4AT/I1'„|a/, 


(VI. 2. 14a) 
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\Yo\ being the modulus of average transadmittance during each oscil- 
lator period (see Eq. VI.2.116) and Tf being approximately equal to 
0.6 to 5 times the tube's cathode temperature expressed in degrees 
Kelvin under normal conditions of operation. Using the same proce- 
dure that was applied in obtaining Eq. (VI. 1.12^7), the noise figure 
of a mixer entrance stage, conforming to Figure 46 as regards the circuit 
between antenna or transmission line output and tube input, works 
out as: 


T T 

a I in 

Ir ^ T 


IV^Ra 



(VI.2.146) 


the symbols having the same sense as in Eep (VI. 1.1 2a) and 72/ being 
the ^^iioise resistance" according to Eq. (VI. 1.23/), replacing Y by Fo* 
We may now determine the transformation ratio w so as to obtain a 
minimum noise figure. This optimum ratio is given by: 



1 





= I 


and yields a minimum noise figure: 

Nmin = + 2 -f 2 

I ^in 


^\R^n/ 


+ 


ILlIh 

liin T ' 


(VI.2.14C) 


Thus the noise figure is dependent only on the ratio R/IRinj considering 
Ta/T and Tin/T as given and unalterable constants. It is useful to 
observe that this same Eq. (c) applies in the case of an amplifier stage 
if the correlation between ?! and 7*2 disregarded, and if the over-all 
input circuit is resonant at the frequency of operation. The noise 
resistance 72/ is, by its definition in Eq. (VI. 1.23/), practically inde- 
pendent of frequency. Thus the only frequency dependence in Eq. (c) 
is due to Rin being inversely proportional to the freciuency squared. 
Disregarding the second term under the square root sign of Eq. (c) 
this frequency dependence of 72^ involves a direct proportionality of 
the variation of N to the square of the frequency of operation. This 
is in accordance with experimental data on mixer-stage noise stated in 
section V.3.13. As to the actual values of noise figures obtained by 
application of the above Eq. (c), we have primarily to consider the 
relevant values of 72/ and Rin. With triode mixer tubes at cathode- 
base operation, the value of 72/ is about equal to 4 /|Fo|, which, under 
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optimal conditions of operation, amounts to about 12/ 1 Ymax\y the trans- 
admittance iF^na^l corresponding to optimum operation as an amplifier. 
Thus Rf is about three times larger with a triode mixer than with a 
triode amplifier; and we have seen in section ¥1.2.11 that Rin with 
single-grid mixers has also about three times the value corresponding 
to the same tube as an amplifier. From this we conclude that the 
ratio Rf/Rin with single-grid mixers has about the same value as with 
amplifier tubes. With multi-grid mixers of heptode type, however, 
Rin is about 2 to 4 times smaller than with the same tube in an ampli- 
fier stage and, Rj being about 3 times larger, the ratio Rf/Rin acquires 
between 6 and 12 times the value correspond ng to the same tube used 
in an amplifier stage. With suitable triodes at 300 mc/s, the ratio 
Rf/Rin in cathode-base amplifier stages may be about 1.5, increasing 
proportionally to the square of the frequency of operation, and with 
suitable pentodes the ratio may be about 2. The same values apply 
to single-grid mixer stages, thus, assuming 7\n/T to be 6 and Ta/T 
to be unity, obtaining a noise figure N of about 10 to 20 at 300 me s 
according to Eq. (c). With heptode tubes at 30 me 's, we have a ratio 
Rf/Rin of about 5, and from this Eq. (c) yields a noise figure of about 25. 
At lower frequencies these noise figures decrease rapidly until they 
become finally equal to Ta^T. 

With wide-band mixer stages such that 27rBCinRin^ R being 
the band width corresponding to a drop of gain of 3 db on either side 
of resonanc,e, C^n denoting the input capacitance and Rin the input 
resistance of the mixer tube, the noise figure is given by: 

^ ^ + R/2wBCin (VI.2.14'/) 

instead of by the above Eq. (c), the input transformation ratio ir 
(coupling) being obtained from: 

w^Ra2wBCin = 1 (VL2.14e) 

instead of from the equation preceding (c). If 7?/ is comparable with 
Ri7i we may assume that Rf2TrBCin ^ 1, but in many cases Rf will be 
much smaller than Rin under the conditions of operation being discussed. 
As an example, we assume Rf — 4000 ohms, 7:^ = 4 mc/s, and Cin = 
15 ])P\ Then 27r X BCijJlf is about 1.5. llie tube’s contribution to 
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the over-all noise figure according to Kq, (d) becomes inappreciable 
in this example. Attention is drawn to the equality between Eq. 
(VI.2.14(:0 and Eq. (VLl.23c/). 

Rp:ferences: 342 , 351 , 359 , 362 , 367 , 373 , 401 . 

VI,2.2. Diode and crystal mixer stages. These stages have become 
increasingly popular at extremely high freciuoncies on account of their 
excellent properties under suitable conditions of opei*ation. We shall 
examine tluisc conditions and state clearly these optimal properties. 

VI.2.21. Operation. The operation of a diode mixer stage may be 
discussed referring to Figure 17(). The oscillator voltage Vo>^c F applied 
to the diode circuit by means of a relatively small coupling coil of 
negligible impedance. Besides the diode 1 ) itself, which may be n‘- 

[)laced by a suitable crystal de- 
tector unit, the circuit contains 
an impedance T^aut resonant at 
oiout^ impedance Rin resonant 

at and a resistance R by- 

passed by a capacitance Gof such 
value tliat (joRR ^ 1, in which w 
may l)o either co/,,, oiosc, or oiout. 
The impedance's R and Rout are 
supposed to be very small at any 
fn'epK'iicy not coinciding with 
thc'ir I’csonant freeiuencies. Thus 
at the os(allator\s angular freepiency the total diode' se'rics circuit 
offers negligible impedance exe*ept as regain Is the dioek' itsedf. By the 
e)scillator ve)ltag(‘ ae'ting on the elioele, its aelinittance is varied in 
synedironism with this ve)ltage: 

Y — Y o Fj ce)s coosA T ^ 2 oos 2t(j0osJ' T ’ * * • (VI.2.21 ef) 

Assuming the mterelectre)de distance of the dioele te) be sufficiently 
small or the oscillate)!’ frecpiency te) be sufficiently le)W, or both, the values 
F, Yo, Fi, etc., are nearly real if the input fre'epiency also is sufficiently 
low, i.e., of the same order e)f magnitude as the e)scillator freeiuency 
(thus o)out — |wo8c — being small compared with either of the 
angular frequencies). The values of Yo, F], etc., are dependent on the 
properties of the diode as well as on the applied resistance R. At 
positive bias voltages on the diode's anode with respect to its cathode, 
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the dependence of anode d.c. on the })ias voltage is often nearly linear, 
or may, within a definite range of current and voltage, in many cases 
be approximated by a straight line. The slope of this line — i.e., the 
voltage increment over the current increment — is then indicated as 
the diode\s intei*nal resistance. It will be assumed that R is large 
compared with this internal resistance over the entire range of opera- 
tion. If this condition is satisfied, the dependence of diode admittance 
on time is rei^resented by a curve similar to that of Figure 171 but with 
the peaks mucli narrower relative to their height. In the extreme case 
of v(Ty narrow peaks we have the relations: 2Yo = Fi = F 2 , etc. In 
other cases, ]"i, 1^2, <"tc., are .MnaUer than By the action of the 

input voltage \\n the diode circuit with its vibrating 

diode admittance, se^a‘ral current components arise, one of which: 

has the angular frecpiency ojaui = ~ wdiich will be assumed 

to l)e the desired relationship between the three freciuencies in question; 
thus a;,,, is higher than This a.c. causes a voltage across the 

output resonant impc'dancc* Rout and th(‘ ensuing output voltage causes 
an a.c. of angular freqiuaicy which, by Eq. (a) is: 

Vout exp (joioutO^^o 

and the direction of wdiich is o{)posite to the i)revious current of the 
same freciuency. Ihaici^ the total a.c. of angular fre(]uency cjout i«: 

2 ^ 1 ^ ^ ~h I out^ o 


1 out 
Rout 


may express 


out h.y yin, using this equation, and thus find: 

I out 2^1 




1 


+ To 


The available input powder may Ix' assumed as: Ff,, ‘^Rm- The ad- 
mittance of the diode circuit to the output voltage Vout across the 
resistance Rout may be found by evaluating the total current of angular 
frequency o^out resulting from Tomo taking into account the ensuing 
voltage arising across R^n by conversion due to the vibrating diode 
admittance and the resulting current of angular frequency oiout- The 
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output admittance of the diode circuit is: 


Vout = Vo 


1 v2 

4 ^ 1 




+ Vo 


(VI.2.216) 


and the ensuing available output power is hence Thus 

the gain, being the ratio of available output power to available input 
power, works out as: 


(J 


JL 

4 ^ 1 


+ 1 ) 


- \Yl 


+ 



(VI.2.21C) 


Under the conditions of operation corresponding to sharp and narrow 
peaks of diode admittance as dependent on time, mentioned above, we 
have 2Yo = Yy. If we assume furthermore that YoRin i^^ large com- 
pared with unity, the gain of our diode mixing circuit becomes unity 
according to Eq. (c). The entire circuit being in effect a series con- 
nection of passive impedances, a gain amounting to unity is the highest 
value ever attainable. If it occurs, no loss is incurred in the diode 
circuit itself. 

The diode mixer circuit, if viewed from the terminals of the output 
impedance Rout or from the terminals of the in])ut impedance Rjny 
shows a similar aspect. In fact, its properties are entirely symmetrical 
between the two pairs of terminals. This is revealed in its input 
admittance: 

Yin = Yo - , (VT.2.21d) 


this expression being symmetrical with respect to Eq. (b) of the output 
admittance. If considered as a device situated i)etween the said two 
pairs of terminals, the diode circuit may be pictured as a four-pole. 
Its exact equivalent network structure is shown in Figure 177, the three 
impedances being : 


JL - i. 

Zi Z3 






= lu, 


if the voltages and currents are assumed to be of orientation as shown 
in the figure. 

Thus far we have assumed that the input impedance Rtn has an 
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appreciable value only at the input angular frequency supposed 
to be equal to cvosc + cuout- At u.h.f., however, the input circuit's im- 
pedance at the image angular frequency 0 )^^ = ojosc — ojout is in many 
cases comparable with the value at as 
c^out ^ Wosr. In these cases the diode or crys- 
tal mixer circuit may be regarded as a six- 
terminal network, the two pairs of input ter- 
minals corresponding respect vely to co^n and 
to coi„ while the output pair of terminals cor- 
responds to coout- The gain is affected like- 
wise ])y this image response. Whereas an op- 
timal value of unity may be obtained under 
favorable conditions if image-frequency 

impedance is zero, this optimal figure drops to ^ if image-frequency 
impedan(ie is ecpial to inpiit-fre(piency impedance. This loss of 3 db 
results from additional power loss incurred in the image-frequency 
impedance being real and ec[ual to the resonant impedance at coj^. 

References: 32, 71, 92, 130, 163, 164, ^77, 302, 347, 366, 373, 401, 404 . 



Fia. 177 Equivalent four- 
|X)le representation of diode 
riiixer circuit. 


VI.2.22. Noise figures. We shall first consider the noise figure 
corresponding to the mixer stage itself, though by its low gain the 
noise figure of the subsecpient intermediate freciuency stage enters into 
the ov(T-all entrance noise figure appreciably. In evaluating this 
noise figure use may be made of the diagram of Figure 177, assuming 
that the three impedances (all of them real) shown are imcorrelated 
sources of noise. This assumption yields results confirming those 
obtained by different reasonings as well as by experiments and is thus 
shown to be correct. Evaluating the resulting available noise power 
at the outjnit terminals 3, 4 of Figure 177, the equations of ^ection 
TI.2.31 may almost be applied directly as soon as the temperature Tj 
corresponding to the fluctuation sources is known. With diodes in- 
corporating a heated cathode, 7/ is often between 0.5 and 0.7 times the 
cathode temperature. With crystals, 7/ is in most cases between 1 and 
2 times the room temperature. The resulting noise figure, disregarding 
image response, is: 


'V = Y + y YJi, 




Yo + 


1 V* 
4 ^ I 


- 2 


Ri 


y., 


+ 1 


(VI.2.22(0 
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This equation is worthy of discussion and offers s('vtn*al interesting 
viewpoints. In the first place, the condition YoRin^^y which is 
conducive to a high gain figure, is obviously also favorable to a low 
noise figure. Second, the expression within scjuare brackets contains 
parts of different sign owing to the negativ(‘ signs in Figure 177. If 
these parts are of e(iual amount they may thus cancel. The conditions 
for such canceling are: YoRm ^ I and 2Yo == ) i, and are thus identical 
with those causing the gain figure to approach unity. Fnder these 
conditions the remarkable situation may thus be obtained that the 
mixer tube’s or crystars contribution to over-all entrance noise is 
completely (eliminated. 

If image response is taken into account, conditions are less favorable 
and no complete elimination will in general be obtained. However, 
even so, the noise contribution of the diode tube or crystal to the entrance 
noise figure may often be made of relatively lu'gligible amount. 

If the gain of the mixer stage is r/, its nois(‘ figure benng Ni and that 
of the subseciuent intermediate fre(|uency stage 1 X 2 , over-all entrance 
noise figure becomes: 


N2 - 

N = N, -f 

{I 


T 


(VI.2.226) 


Thus a relatively considerable contribution of the noise of the subse- 
quent amplifier stage may always be expecled, ('ven if gain approaches 
unity, which will often be imjxjssible, e.g., owing to image response. 
As Avas stated in s(x*tion V,3.12, gain figures of diodes of c(jnv(*ntional 
interelectj’ode spacing (e.g., 100 microns) show a considerable drop in 
mixer stages already at, say, 300 inc/s, a pertinent figure being 0.3. 
At 2000 mc/s the corr(\sponding gain often drops to figures comparable 
with 0.01. In such cases the noise figure N 2 of the subsequent stage 
L msiderably magnified and over-all figures Ix'tween 100 and 1000 
ni*.^, ' "ult. This situation may be very much improved either by the 
use ol diodes of unconventionally small spacings (e.g., 20 microns) or 
of suitable ciystals. Taking image response into account, gain figures 
approaching 0.5 may be obtained at freciuencies of 3000 mc/s and even 
beyond this, resulting in corrc\spondingly low noise figures, as already 
mentioned in sections V.3.12 and 13. 

References: 32, 72, 163, 250, 373, ^01, //li. 
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VI.2.3. Oscillator stages. The oscillator stages used in mixer stag(\s 
involve a number of separate considerations and thus merit a special 
treatment. 

VI.2.31. Operation. A triode oscillator circuit is shown schematically 
in Figure 178. Disregarding the effect of feedback capacitance and 
incorporating the tube's input and output impedances in the outer 
circuit, a part wVa of the anode’s a.v. 
is fed back to the grid, and by the tube’s 
transadmittance Y this grid a.v. is am- 
plified to the anode circuit, thus obtain- 
ing the condition of sustained oscillation : 

ivYZ = 1, (VI.2.31a) 

Z representing the resonant impedance 
of a suitable tank circuit or cavity. By 
the grid leakage resistance Ry the tops of 
the oscillator voltage swing will only be 
relatively slightly positive on the grid 
with respect to the cathode. Thus, if 
this swing increases, the anode-current 
versus time curve wilt assume a shape 
similar to that shown in Figure 171. The 
r.m.s. value of the fundamental fre- 
quency component of this anode-current 
curve divided by the r.m.s. grid a.v. 
yields the effective value of Y to be in- 
serted into Fcj. (e). Thus this efTective 
transadmittance decreases in modulus 
at increasing grid a.v. If ir and Z in 
Kq. (a) are regarded as fixed, this eciuation yields directly the reejuired 
value of Y, and this valiu^ in time determines the cori-esponding grid 
a.v. (and henc(' th(‘ anode a.v.) according to the above reasoning. 

The ratio of the available h.f. ])ower at the tv'r^ 
direct power supplied to the anode is the os(*illator’s efiicK I'his 

is small at small oscillator voltages and gradually rises until a value 
is reached at a definite a.v. beyond which little is gained by a further 
increase of a.v. In Figure 178 this efficiency is shown in dependence 
on the ratio of grid a.v. Vg to the cut-off bias voltage Vh at the grid 
(corresponding to nearly zero anode current). High efficiency values 



to 

0.8 

0.6 

0.4 

0 . 2 \ 



^ 1 

, 



1 

' 







1 







— VgIVt 

Flo. 17 s tq)por pirture: Sche- 
matic tliagraru of triode o^^cillator 
circuit . Lower picture : Efficiency 
(vertical scale) as dependent on 
the rati(j of si’id voltage Vy to cut- 
off' bias F/,. 
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like those of Figure 178 are obtainable with conventional r.f. triodes 
or triode parts of combination tubes up to, say, 50 mc/s. Beyond 
this frequency top efficiency gradually decreases owing to several 
causes such as: increasing losses in the tube (e.g., electrode leads) and 
in parts of the oscillator circuit. Special constructions have been 
devised, with which this decrease of efficiency occurs at higher fre- 
quencies, and with lighthouse tubes such as are shown in Figure 125 
oscillations still occur at 5000 mc/s though efficiency is low at this 
frequency. 

An oscillator circuit suitable at frequencies up to about 2000 mc/s 
is shown in Figure 179a, the longer wave equivalent being shown in 
Figure 1796. In Figure 179a the resonant circuit LC of Figure 1796 
is constituted by the transmission-line section shown, the cathode being 
tapped to the resonant circuit by means of the capacitances C\ and C 2 
in Pdgure 1796 and by Ccg Ji-ud Cca iu Figure 179a. The resonant line 
of Figure 179a may be l eplaced by a suitable resonant cavity. A light- 
house triode coupled to a suitable resonant cavity oscillator circuit is 
shown in Figure 179c. The shape of the efficiency versus frequency 
curve of most oscillator tubes is similar to Figure 180, the frequency fo 
being in many cases about ^ to of the frequency at which oscillation be- 
comes impossible. The latter frequency, as well as fo, is to a considerable 
extent dependent on the resonance frequencies of the tube in question. 
These angular resonance frequencies core.^, hke those of a diode (see section 
V.2.32and Fig. 130), are determined by the product of lead inductance 
L and interelectrode capacitance C according to o^esLC =1. A tube will 
in many cases fail to oscillate at a frequency somewhat below the lowest 
resonance frequency thus obtained. With suitable constructions 
similar to Figure 125 these resonance frequencies are above 5000 mc/s 
and thus oscillations may be obtained almost up to such frequencies. 

However, as will be discussed more fully in section VI. 2. 33, oscillation 
is in itself not sufficient. The oscillation frequency is required to be 
stable within rather narrow limits, and, moreover, the oscillation power 
to be delivered to the mixer circuit must be such that optimal mixer 
operation may be ascertained (see Fig. 174). Both requirements 
point to tolerable lower limits of generated power and of efficiency. 
Beyond 3000 mc/s sufficient power is sometimes difficult to obtain by 
the use of triode circuits and magnetrons have been used instead. 
Devices of this kind affording ample power at 10,000 mc/s and at oper- 
ating direct voltages as low as 200 volts have been constructed, the 
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Fi(i. 170 Picture* a: llesonunt transmission-line circuit connected to a triode. 
ddie anode su])ply voltage Vn is fed through a choke Ch. Quarter-wave resonators 
are inserted into the* ht'aler wires and a leakages resistor Rg is connected between grid 
and cathode. Picture h: Hi. equivalent circuit of diagram a. Picture c: Lighthouse 
triode of tyi)c 2 C 40 connected to a resonating coaxial line circuit. Dimensions: 

1 to 1/2 in., dpi 9/16 in., dg: 111/16 in., while Ip, and Id are dependent on the 
oscillator frequency as follows: 


Frequency rnc/s 

h 


Id {inches) 

:i ;ioo . 

1 37 

2 0 

1 17 

3 000 

1 75 

2 4 ^ 

1 55 

1 500 

3 8 

6 2 

2 35 

1 000 

5,6 

0.4 

1.78 
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Fig. 180 Logarithm of 
efficiency (vertical scale) 
of oscillator circuits as 
dependent on logarithm 
of frequency (horizontal 
scale). 


cavity resonators being incorporated in the magnetron. As an exampk', 
see Figure 181, in which such cavities have been drilled out of a solid 
metal block. The central cathode emits the electrons and by the axial 
magnetic field a “cloud’’ of them revolves on an orbit round the 
cathode. By the motion of this cloud past the nanow slits connecting 
the individual cavities with the central orbital spa(‘e, currents are 
induced in the cavities and the resulting alternating voltages across 
the slits react on the electrons. Output powers of 100 watts at 30,000 

mc/s are obtainable continuously by the use of 
, ig{BfriciMcy) such dcviccs (reference 112). In most mixer 

'pV stag(‘s at frequencies beyond 2000 mc/s input 

I \ frequency a reflex klysti'on is used in the oscib 

lator stage (see Figure LSlc). In this tube the 

electrons emitted by the cathode are accelerated 
Fig. 180 Logarithm of by a steady electric field and shot past a slit eon- 

efficiency (vertical scale) nected to aresonant cavity. Alternating volt ages 

of oscillator circuits as across this slit, reacting on the electron 

dependent on logarithm , , . i i ^ i i 

of frequency (horizontal elect i*ons are then decelerated by 

scale). inverse steady eleidric field and reversed so 

as to pass the slit again at such a i)hase delay 
that the alternating power oscillating in the cavity is reinforced. Part 
of this power is fed to the mixer stage via the small coupling loop shown 
in Figure 181c. Reflex klystrons are in operation u]) to and beyond 
30,000 mc/s (se(» reference 134). 

Besides generating oscillator power the oscillator stage also acts as 
a source of noise po\ver. This is at once ol^ivious by the consideration 
of Figure 39, as the noise (currents ii and conmreted with (dectronic 
motion act directly as noise sources (treating a definite output-noise 
power. The exact evaluation of this noise power has scarcely been 
effected yet at u.h.f. We may, however, say that the ratio of generated 
oscillator power to noise power will in geaieral increase at increasing 
efficiency levels as the average number of (dectrons moving in the tube 
at a definite oscillator power decreases. Ihuicc a high efficiency, prefer- 
ably corresponding to the curve of Figure 180 below the frequency /o, is 
recommendable from this point of view as from several others. The 

Fig. 181 Pictures of magnetrons and reflex klystron suitable as oscillator at fre- 
quencies up to 10,000 mc/s. ideture 181a; cuts of a power magnetron. Picture 
6: Internal structure of a cavity magnetron showing resonant cavities and tuning 
straps. Picture c: Reflex klystron including attached resonant cavity. 
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noise power in the case of a high Q resonant circuit used in the oscillator 
stage corresponds substantially to a frequency interval A/ centered 
round the oscillator frequency. This is important in estimating its 
effects in mixer circuits. With magnetrons and reflex klystrons, as with 
t nodes, a noise power is generated at the stage’s output simultaneously 
with the oscillator power. Here again, no definite estimates are yet 
available, but it seems reasonable to assume that high efficiency will 
tend to decrease the noise power in relation to the oscillator power 
(references SIS and S73). 

References: 4, S8, 82, 88, 111, 112, 134, 145, 155, 186, 202, 217, 222, 

223, 248, 305, 306, 309, 318, 373, 375. 

VI.2.32. Over-oscillation and padding. A cause of disturbances 
sometimes arising in oscillator stages and its simple remedies are worth 
mentioning. Assuming the values of leakage resistanc.e Rg and liypass 
capacitance Cg of Figure 178 to be very large, the starting process of 
oscillations in the circuit will be considered. Initially the grid is at 
zero bias voltage with respect t.o the cathode and transadmittance Y 
is hence of maximum modulus. Small .spontaneous fluctuation voltages 
between grid and cathode are amplified to the anode circuit and cause 
a rajiidly increasing oscillation voltage at the terminals of that cirimit. 
The rate of increase is afiproximately proportional to 1 — c'xp ( — 2Q), 
coo being the angular oscillator frequency, I the tim(‘, and th(‘ (|uality 
factor of the resonant circuit. Hence the final oscillator voltage is 
approached after a lap.se of time comparable with The grid 

must acquire a proper bias voltage with respect to the cathode, ap- 
proximately equal to the amplitude of the grid’s a.v. The time recpiired 
to set up this bias voltage is comparable with the product Rg(''g(see 
Fig. 178). A.ssuming this product to be much larger than the value 
Q/4oo, the oscillator voltage will, at a given moment, shortly after switch- 
ing the power supply on to the oscillator stage, be much larger than the 
corresponding bias voltage. If now the bias voltage increases, a situa- 
tion may arise in whi(^h the modulus of Y required to keej) the high 
oscillator voltage in being is higher than the actual value of |F|. In 
such cases the oscillator voltage decreases, and as the bias lags behind, 
it decreases too much. Subsequently it increa.ses again and the value 
thus attained is again too high, etc. This phenomenon is known as 
over-oscillation, and stages in which it occurs may be unsuited to mixer 
operation. As Q/coo is often smaller at h.f. and u.h.f. than at r.f., the 
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ratio of RgCg to Q/o^o may be higher at u.h.f. than at r.f. if Rg and Cg 
are given similar values in both cases. Remedies against over-oscilla- 
tion are thus: First, decrease of the product RgCg until it is comparable 
to or smaller than Q/coo. Second, increase of grid d.c. drawn from the 
cathode at a given bias by proper grid construction. Third, increase 
of Q, 

Problems of padding arise if the local oscillator of a mixer stage is 
required to operate within a given frequency range which is considerable 
in comparison with the average frecpiency of the range. We shall 
depict the entrance resonant circuit of the mixer stage (assuming that 
no two coupled circuits are applied) as well as the resonant circuit 
of the oscillator stage by lumped circuits as 
shown in Figure 182. I'he main tuning con- 
densers (indicated by C in Fig. 182) are 
assumed to be ecpial, this being the most 
convenicnit situation. We have, then, three 
cjuantities, indicated by rz, C,, and Cj in Fig- 
ure 182, with which to insure a proper out- 
put frequency of the mixer stage to be created 
throughout the rei pared range of input fre- 
(jiKMiciis. In many cases it is customary to 
clio()s(' an oscillat or frequency which is higher 

than the input frecpiency. If the output frequency is not inappreciable 
(‘omjzaied with these frequencies, a higher oscillator frequency leads 
to a smaller ratio of lowest to highest oscillator frecpiency of the range 
than the (*onverse choise of a lower oscillator frequency. If the range 
is relatively large, such a lowTr ratio may cause a simplified design of 
the oscillator stage. If the output frequency is inappreciable compared 
with these freijuencies the choice at issue is immaterial from this point 
of view^ An exact compliani'e with the eciuation ~ — <^out 

throughout the* range is of course impossible using the means given in 
Figure 182. As we have three parameters a, T,, and Cf, the equation 
ma}^ be satisfied at three predetennined frequencies. 

The deviation of the actual output frequency of the mixer stages 
from the exact one at any position of the input frequency is, of course, 
recpiired to be as small as possible. In general, the deviation y is under 
the present conditions given by a curve as shown in Figure 183, if the 
oscillator frequency is proportional to x and the range of oscillator 
frequencies represented on the x-scale is from x = — 1 to .r = +1. 


Fig. 182 Padding circuit 
(diagram b) supposed to be 
equivalent to hiinple resonant 
(‘ircuit (diagram a ) 





206 


ENTRANCE STAGES OF RECEIVERS 


The choice of the three points at which 1/ = 0 is governed by the require- 
ment that the modulus of y should be as small as possible throughout 
the range considered. This is a well-known mathematical problem, 
solved by Tchebycheff. The maximum values of |/y[ should occur at 
the ends of the range and at the intermediate points corresponding to 
maximum deviations. The shape of the resulting curve is represented 
by the equation y = and this corresponds exactly to the curve 

drawn in I'igure 183. The three points where y = 0 are: xq = 0^ 
:r2 = V-| and X3 = — If the latter two points are brought closer 

together, the two maxima of \y\ between them decrease but the other 



two maximum deviations increase. The rev(‘rs(' .situation occurs if 
Xo and X3 are further removed from each other. If the range of oscil- 
lator frequencies is from/a to //„ the three freqiumcies corrc'sponding to 
.Ti, .r2^nd .r3 are respectively /i = (/„ •+• Jl), 2, while/2 = /i + (fb - fa) 
X and /s = /i — (fb — fa) X ^ The actual calculation of 

a, C f, and Cs corresponding to this choice of frequencies is rather intri(‘ate 
and several graphical methods have been devised for its execution. 
Their representation is, however, outside the scope of this book. In 
some cases special importance is attached to a s(‘k‘cted interval of the 
entire frequency range under consideration and the value of |/y| is then 
required to be as small as possible within the said interval, without, 
however, undue increase of \y\ in the remaining range. In such cases 
deviations from the above Tchebycheff procedure may be appropriate. 

IlEFfmENCEs: Jo6\ 37f). 

VL2.33. Frequency drift and control. Frequency drift is a term 
applied to all variations of oscillator frequency due to other than prede- 
termined causes. As a first cause of frequency drift, variations of 
supply voltage (e.g., mains voltage) may be mentioned. As such 
voltage variations affect the tube\s properties (impedances and trans- 
admittance), their effects may be decreased by a loose coupling of the 
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tube to the resonant circuit. Such loose coupling calls for a large 
optimal efficiency of the oscillator tube at the frequency in question, 
leaving ample scope for a decrease of efficiency caused by the loose 
coupling. Moreover, special measures may be taken to stabilize the 
direct supply voltages independently of these variations, e.g., by the 
use of proper feedback in the rectifier and supply unit feeding the 
receiver in question (see section VII.4 and Figure 239). 

A second cause of frecpiency drift, common in many receiving sets 
on the market, is caused by the application of gain control to the mixer 
stage. By such contnjl the impedances of the mixer tube are altered 
and thus variations of the connected oscillator stage may occur, causing 
frequency drift. The remedy obviously lies in a loose coupling of 
oscillator to mixer. Ample output-power generation of the oscillator 
stage is desirable in order to facilitate the application of such loose 
coupling, still obtaining sufficient available local oscillator power at 
the corresponding mixer terminals. Both causes of frequency drift 
mentioned are active through resulting variations of capacitance at the 
oscillator’s n'sonance circuit. Thus, if the total capacitance of this 
circuit is iner('as(‘d, relatively less variation of capacitance and hence 
of freciuency will ensue. By such an increase of (‘ircuit capacitance its 
resulting resonant impedance is, however, decreased (if Q remains 
unaltered) and conditions of oscillation may become less favorable. 
E.ssentially this remedy acts somewhat similarly to a looser coupling. 

A very serious cause of frequency drift is to be found in temperature 
variations of the oscillator circuit. These are often due to heating by 
the power losses in the tube as well as in the attached circuit. Besides, 
a general luxating of the rc'cinver by power losses in further stages may 
add to the rise' in temperature of the resonant circuit and of its attached 
elements. Unlike the frequency drift resulting from the preceding 
two causes, the pres(»nt drift is in many crises very gradual and thus 
more suitable to be d(vrea.sed by means such as automatic frequency 
(‘oiitrol. ddiis rise in temperature is in many cases active in causing 
frequency drift by way of ensuing variations of capacitance. Now, 
essentially a pure capacitance free of los.ses cannot be altered by temper- 
ature variations. The latter can be active only through losses occur- 
ring in the capacitances in question. Hence low loss angles of all 
applied insulating materials will be favorable to low capacitance varia- 
tions per degree of ambient temperature rise. Another partial remedy 
may be found in efficient heat transport and ventilation, thus keeping 
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the ensuing temperature variations within narrow limits. In some 
cases special capacitances having an adjustable specific variation de- 
pendent on ambient temperature have been applied to neutralize the 
variations of circuit capacitances within a limited range of temperature. 
Careful design is needed for the succe.ssful application of this remedy. 

As a final cause of freciuency drift, variations of ambient air pressure 
may be mentioned, such as may occur in airplanes Hying at varying 
altitudes. Here the ambient temperature may also show large varia- 

The.sc severe conditions must some- 
times be met by special d^^sign, the 
description of which is mainly out- 
side the scope of the present book. 

The manual control of frecjuency 
by means of suitable tuning knobs 
will not be dealt with here (see sec;- 
tion VH. 1). We are, however, con- 
cerned with the automatic control 
of oscillator frequency designed to 
offset frecjuency drift or for other 
purposes, d his automatic control 
is often active through two sepa- 
rate resonant circuits, the resonance 
frequencies of which arc situated on either side of and at some suitable 
distance from the desired frequency. The latter may l)e the i.f. carrier 
fre.qiiency obtained l)y the mixing process of local oscillator and of 
input frecpiency. A diode rectifier 
circuit is connected to each of the 
separate resonant circuits. If, by 
frequency drift of the local oscillator, 
the i.f. approaches the re.sonant 
frequency of one of these circuits, 
a d.v. is created by rectification, 
the d.v.’s resulting from either diode 
circuit being of opposite signs. A 
pertinent diagram is shown in Figure 
181. The direct voltage Va cre- 
ated at the output of this stage as 
dependent on the variation A/ in frequency at its input is shown in 
Figure 185. Thus the control voltages rise sharply in modulus if fre- 



Fig. 185 Output voltaj!:e Vd across 
Ca of Fig. 184 as dependent on the fre- 
quency deviation A/ from the center 
frequency between the two tuning 
positions of the resonant circuits of 
Fig. 184. 


tions — e.g., from —40 to +40° C. 



Fig. 184 Automatic frccpiency con- 
trol circuit. Input a.c. at a, output 
voltage Fj across Ca, 
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quency deviations on either side of the adjusted zero position occur. 
These control voltages are applied to the oscillator stage by way of a 
suitable voltage-(*x)n trolled reactance. A tube circuit serving as such 
has been shown in Figure 111. If direct control voltages of opposite 
directions are applied to this reactance circuit, its reactance is altered 
accordingly and frecjuency variations of opi)osite directions are caused 
in the connected oscillator circuit. The adjustment may be made 
such that these controlled variations offset the original drift activating 
the control circuit. In the design of automatic frequency control 
(a.f.c.) circuits of this kind a number of problems arise, such as the 
positions of the resonance frequencies to be chosen for the two resonant 
circuits of Figure 184, the delay in the application of control voltage 
to the oscillator, dela}^ in time as well as delay in voltage level being 
involved. 

Rkfehknces: 53 , 146 , 156 , 177 , 315 , 351 , 375 . 

VL2.4. Improvement of performance and selection of tubes. As 

with amplifier stage's, several means may be indicated with mixer stages, 
resulting in an improved j>erformanco as regards gain or noise or both. 
Subseeiuent to this discussion some rules governing the selection of 
amplifier, mixc'r, and oscillator tubes will be considered. 

VL2.41. Gain of single- and multi-grid stages. In considering mixer 
stages th(' four-j)ole concei)t has already been introduced in section 
\4.2.21, due regard being given to the difference in frecjiiencies at the 
input and at the ()ut])iit terminals. This aspect of mixer stages was 
somewhat extended in the final paragraph of that section, when image 
response was taken into account, the resulting netwa)rk being a six- 
t(‘rmiual one. shall drop image response here but proceed to 

extend the equivalent netwx)rk to a single pair of input terminals con- 
nected to many pairs of output terminals. At each pair of output 
terminals only one corresponding frequency wiW ])e considered. The 
sequence of fre(|uencies involved results directly from the representation 
of transadmittance under the action of local oscillator voltage as given 
by Fai (VI. 2. 11/?). Multiplying this transadmittance by the input 
voltage Vjn exp w'e obtain the output angular frequencies: 

^171) j<^osc ^injj j^osc T *4“ ’ * * > 

etc., and each of these frecpiencics may be associated wuth one separate 
pair of output tcainiiials, e.g., resulting from a corresponding iiiterrup- 
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tion of the output lead connecting the tubers output electrodes. In 
order to dispel undue anxiety in the reader's mind, it may be well to 
mention that only two of these output pairs of terminals will be needed 
in the course of this section. From each of these output pairs of termi- 
nals feedback to the input terminals may be applied. We have, in fact, 
before us a multi-terminal network of the kind considered in properties 
C and D of section 11.2.22. 

By application of regenerative feedback active at the input frequency, 
some impedances at the input of the mixer stage in cpiestion may be 
improved, thus obtaining an improved stage gain. For examples of 
such improvements reference may be made to section VI. 1.31. The 
circuit of Figure 155 may be applied directly in the present case as the 
cathode lead of a mixer tube carries currents corresj)onding to each of 
the frequencies mentioned above and in particular an a.c. of input 
angular frequency which is active in a circuit as shown in Figure 155. 
The unbypassed resistance 7^3 should be active only at the angular 
frequency co,n, ^i-ud in order to a(‘hieve this aim it may he replaced by 
a suitable resonant circuit tuned to this frecpioncy and of n(‘gligible 
impedance at other frequencies. Thus improvements of input imped- 
ance as depicted in Figure 156 may be obtained, while no att(»nding 
reduction of modulus of conversion transadmittance, similar to that 
of E(p (VI. 1.3 la), need be present. The transadmittance aff ceded in 
the present case corresponds to Yo of Eq. (\T.2.1 15), whereas Yi remains 
unaltered, thus resulting in an unaltered conversion transadmittance. 
Another example of feedback active at oo,,i is to b(‘ found in the circuit 
of Figure 157. By the proper application of a double-cathode lead 
and appropriate regeneration considerable imi)rovements of input 
impedance and of gain may be obtained. 

If imj)rovements of efTective output impt'dance of the mixer stage 
are desired, regenerative feedback active at cjovt luay be appli(*d. Ex- 
amples may again be found in the circuits of section VI. 1.31. It is 
obvious that such feedback circuits may be applit'd to triode as well 
as to multi-grid mixer tubes. 

Another means of improving gain may be found in the application 
of suitable push-pull circuits. With mixer stages, push-pull possibilities 
are many, and we can discuss only some of them here. In general we 
have the three different circuits: input, oscillator, and output. Each 
of these may be in push-pull or in shunt — i.e., the respective corre- 
sponding pairs of tube terminals obtaining either counterphase or 
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in-phase voltages of the three frequencies. Thus we have eight different 
rases : 


cAhi: 

NO. 

IN PUT 

OSCILLATOR 

OUTl’CT 

1 

push-pull 

push-pull 

push-pull 

2 

push-jiull 

push-pull 

shunt 

3 

})ush-})ull 

shunt 

push-pull 

4 

push-pull 

shunt 

shunt 

o 

shunt 

push-pull 

shunt 

() 

shunt . 

push-pull 

push-pull 

7 

shunt 

shunt 

push-pull 

8 

shunt 

shunt 

shunt 


Now th(‘ most obvious conru'ctions in the case of two triodes. tetrodes, 


or pentodes corn'spond to the use of 
as oscillator terminals while the out- 
l)iit terminals are anode and cathode. 
F]ven if wo adhere to these connec- 
tions there is still some further scope 
for variation, as ca(‘h ])air of ter- 
minals may be connected to the cor- 
responding pair of the other tube 
in ecjual or in reversed orientation. 
If of equal orientation, case no. 2 
of the above table gives rise to a 
useful circuit if tubes of proper 
construction are aj)plied, the advan- 
tages as to u.h.f. input impedance 
being similar to those discussed in 
connection wdth Figure 158 in the 
case of push-pull ami^lifier stages. 
If permutations of tlie electrodes 
are allowed in (Uwdsing push-pull 
mixer circuits, at least 18 possibili- 
ties arise in the case of two triodes, 
but not all of them, of course, are 
useful. It may be wxdl, howxver, 
to call attention to some of them 
by w^ay of examples (see Fig. 186). 


cathode and grid as input as woW 



Ficj. 186 Two uncon volitional cir- 
cuits each using two triodes in double- 
unit mixer stages. The tw^o resonant 
circuits shown in each diagram are 
tuned to the input angular fre(|uency 
w,,i and to the output angular fre- 
quency woui respectively. The oscilla- 
tor connections may be inserted into 
the leads starting from the adjustable 
tap points marked a. 
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In this figure only the input and output resonant circuits have been 
indicated by co*n and ojout respectively. The oscillator terminals may 
be inserted in the lead connecting a and the input of diagram a and in 
the lead connecting the points a and the output of diagram h. In dia- 
gram b, one tube is used in a cathode-base connection and the other in 
a grid-base connection. The interested reader might find fascination 
in unraveling various specimens of the at least 48 and probably more 
possibilities in the case of two triodes. 

References: 373, 401 . 

VI.2.42. Noise of single- and multi-grid stages. First some attention 
will be given to the subject of oscillator noise and its influence on output 
noise in mixer stages. As we have seen in the (ioncluding paragraph 
of section VI.2.31, the noise generated by an oscillator stage' of proper 
design corresponds mainly to frequeaicies in an interx al ceaitered round 
the oscillator frequency. The electronic current in the mixer tube con- 
tains fluctuation components of all frequencies and these may, by 
mixing with the oscillator stage’s noise, entail noise-current components 
centered round any frequency and in particular round the input fn'- 
quency and round the output frecpiency. If we assume that the noise 
voltage issuing from the oscillator stage is suffi(‘iently small, the r.m.s. 
noise currents created in the mixer’s output lead by this mixing process 
will be proportional to the oscillator’s r.m.s. noise voltage, in accordance 
with Figure 174. (C’ompare the linear parts of curves a and b in Fig. 
174 at small oscillator voltages.) The magnitude of the output noise- 
current (jomponents thus created will in general be smaller than that 
of the noise-current components uncorrelated to oscillator noise, the 
latter being obtained by an amplification process more efficient than 
the mixing mentioned. The grid of a mixer tube connect ( m 1 to the 
oscillator stage acts similarly to the grid of a single-grid mixer, if w(‘ 
regard the oscillator voltage and its accompanying noise voltage. Thus 
it is seen that at the mixer’s output noise-currents, completely cor- 
related with oscillator noise and having frequencies centered round the 
oscillator frequency and its multipl(i|^, will be present. In general, 
little harm will be caused by these noise-current components. Feed- 
back active at one of these frequencies should be avoided in order to 
prevent an undue increase in their magnitude, when harm might be 
caused by mixing with other noise components issuing from the mixer 
tube itself. 
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We shall now leave the subject of oscillator noise and consider possible 
improvements in noise figures of mixer stages by the application of 
suitable feedback. Starting from the concept of a mixer stage as a 
multi-terminal network with a single pair of input terminals and several 
pairs of output terminals, we may first answer the question as to what 
noise figures must be assigned to these latter pairs individually. Con- 
sidering in particular output pairs of terminals associated with the 
angular fretiueiicies o^out and co^^, we have shown in section VI.2.14 and 
V.3.13 that under proper and favor- 
able conditions of operation the 
noise figures of ti’iode mixer stages 
may be approximately equal in these 
cases. If, however, the mixer is 
operated under less favorable condi- 
tions— e.g., at too small oscillator 
voltage l(‘vcl — the noise figure as- 
sociated with the Wj.i-terrninals may 
be lower and in some cases even 
much lower than the figure corre- 
sponding to the coou/-terminals. In 
such cases the application of feed- 
back active at, may improve the 

noise figure corresponding to ojom/, and at nearly critical feedback the 
latter noise figure will approach that corresponding This is a 

simple application of property C of section 1 1. 2. 22. The feedback 
active at may be obtained by insertion of a proper impedance Z 
into the cathode lead of a cathode-base mixer stage as shown schemati- 
cally in Figure 187. This imi)edance must correspond to a capacitance 
at and be of negligible amount at any other frequency. We may 
obtain such an impedance by using a resonant circuit tuned to an angular 
frequency slightly lower than co/n- 

Another example of noise-figure reduction l)y the application of feed- 
back in multi-grid stages will now be given in which the reduction may 
be considerable even at optimal conditions of mixer operation. Con- 
sidering a heptode mixer tul>e (Fig. 188), the partition fluctuations 
caused by the screen grids nas. 2 and 4 do not circulate in the lead 
between the points B and c. This is a simple deduction from the 
gencjral picture of partition fluctuation currents discussed in section 
11.1.32 in connection with Figure 40. The partition fluctuations do 


Fio. 187 Feedback by an impedance 
Z, equivalent to a capacitance at the 
input frequency, inserted into the 
cathode lead of a single-grid mixer 
stage. 
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circulate in the leads issuing from the point C and other than that 
leading to B. In particular their full strength is present in the output 
lead connecting the anode a with the point Z), which lead usually con- 
tains the output terminals connected to the (‘irciiit resonant at oiout- 
We now apply feedback active at cofn by the use of a similar impedance 
Z inserted into the cathode lead as mentioned in connection witli Figure 
187. This feedback may be considered as corresponding to a pair of 
output terminals at with the particular property that the related 

noise figure is that of a triode (no 
partition fluctuations) used as an 
amplifier. It is hence sc'veral times 
(10 or more even at optimal rnixcT 
operation) lower than the noise 
figure corresponding to the mixer’s 
output t(‘rmiiials at ojout^ By the ap- 
pli(‘ation of ru^arly critical feedback 
in this way the noise figure of the 
mixer’s ()ut{)ut at coout may be made 
to approach that of the said out- 
put at whi(;h output might be 
imagined to have tenninals inserted into the lead connecting the point, s 
B and c of Figure 188. Thus a very considerable reduction of noise 
figure may be obtained by this type of feedba(‘k, b(‘ing again an applica- 
tion of property C of section 1 1. 2. 22. 

By nearly critical feedba(‘k of the type considered, as it is regenerative, 
instability might be caused. To avoid this a second and this time de- 
generative feedback may be applied. Considering again the case pic- 
tured in Figure 188, the noise figure corresponding to the currents of 
angular frequency ojout ur in the lead connecting the anode a and 
the point D may be made to approach the said triode-amplifier value 
by the feedback connected with the impedance Z. Once this low out- 
put noise figure is attained, it cannot be altered by the application of 
feedback from the output to the input, according to property A of 
section II. 2. 21. This latter feedback may be chosen such that it is 
degenerative at thus undoing the instability that might be caused 
by the previous regenerative feedback. We might insert an impedance 
Zi into the lead connecting the anode a and the point D, equivalent to 
a capacitance at cojn and of negligible amount at other frequemat's. The 
terminal on the anode sid(‘ of this imi)edance may then be (H)unected 



Fig. 188 Feedback similar to that 
of Fig. 187 but applied to a multi- 
electrode mixer stage. 
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t,o the control grid no. 1 of the mixer tube across a proper series con- 
nection of a resistance and a capacitance. Without regard to phase 
angles of transadmittances a capacitance would be sufficient but at 
frequencies comparable with or larger than 30 mc/s a resistance in 
series with the capacitance may have a favorable effect. Several other 
applications of feedback may be devised aiming at a reduction of noise 
(igure. All of them are based on tlu^ j)roperties of noise figures set 
forth in section II. 2. 2. 


Refkren(’es: 274, ^^73, 401 . 


VI.2.43. Diode mixer stages. With diod(i mixer stages we shall 
consider a number of circuits aiming at an improved performance as 
regards gain, noise, and further properties. First we shall discuss some 
applications of the push-pull principle. As was mentioned in section 
\7.2.41, eight fundamental cases of push-pull circuits exist. The two 
diodes or crystals may b(' used with their corresponding electrodes in 
equal or in reversed orientation. Thus each of the eight fundamental 
circuits has two possible applications, entailing 16 different possibilities 
in all. As examples the circuits corresponding to the cases numbered 
■1 and 7 of the table in section VI.2. U will be discussed (Fig. 189). In 
cases 4h and 7b tlie diodes (pictured as contact detectors) are of parallel 
and in case.> 1/ and la of mutually reversed orientation. It is simple 
to show that no output voltage is created in cases 46 and 76 of angular 
fre()uency ~ <^osr|, these circuits thus being of no practical 

use in most cases. By reversing one diode the circuits 4a and 7a are, on 
the contrary, suited to the creation of such an output voltage approxi- 
niat('Iy proportional to the input voltage of angular frequency a>i„. 
\\4th the cii’cuit 4(f a voltage of oscillator frequency may arise across 
the push-pull input n^sonant circuit if its impedance is not negligible 
at With the circuit 16 this i.s impossi])le, assuming perfect balance, 

i.e., (‘xactly ecjual diodes and further elements in each half of the circuit. 
But the whole circuit is unfortunately unsuited to mixer operation of 
the usual kind. A useful circuit in which no oscillator voltages will 
under proper conditions arise at the input is no. 3 of the table in section 
VI.2.41. This situation may in some cases be desiral)le in order to 
avoid interaction as well as radiation of oscillator signal power by the 
input reception antenna. Such radiation might disturb reception of 
near-by sets. 
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The conditions conducive to optimum gain have already been men- 
tioned in section VL2.21. We shall now look into them a little mon' 
closely and particularly from the viewpoint of diode or crystal proper- 



Fig. 189 Double-unit diode mixer stages, the diodes beinji; represented by deteetor 
symbols. The tuned circuits are indicated by their angular tuning frequencies 
The indications 4a, 7a, 7b refer to the table of possible cases in the text 

ties. An important condition for optimum gain was shown to be 
YoZin ^ 1. This condition may be approached by raising the diode’s 
admittance Yo or by increasing the resonant impedance Z^n of the 
resonant input circuit. The first means, implying the use of special 
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diodes, may only in part he attained by an increased surface area of the 
diode's electrodes, for such an increased area entails a directly propor- 
tional increase of interelectrode capacitance Cd- With a given band 
width B, the value 2TrBCdZin must, however, be small compared with 
unity, and if Cd is increased this would entail a decreased value of Zin, 
adverse to the condition YoZin ^ 1 for optimal gain. Hence the said 
increase of Yo should be obtained by a decrease of interelectrode clear- 
ance (e.g. to 20 microns or less at u.h.f.). If the diodes contain sources 
of losses — such as cathode oxide coating, lead series-resistance, getter- 
layers absorbing power, etc. — these losses may be represented by a 
(corresponding shunt resistance across the diode's terminals. It is 
obvious that this shunt resistance 
may constitute a serious limitation 
to an increase of Z^n and hence the 
losses should be cut down as much 
as possible by the application of 
a proper diode construction. If a 
crystal rectifier is used instead of a 
diode, the conduct ion in one direction 
is not zero as with an ideal electronic 
diode but n'lnains at a finite value. 

The cryst ill’s current versus applied voltage curve may be idealized by 
Figure 190 in a number of cases. This curve shows that a diode ad- 
mittiince corresponding to the left portion of the curve remains active 
iit all voltages. The crystal's performance may hence be represented 
by a corrc'sponding constant admittance on which an oscillating ad- 
mittance is superimposed. This constant admittance limits the at- 
tiiinable value of which, taking into account the already not very 
high value' of IT, makes adherence to the condition ^ 1 difficult. 

It is therefore necessary to use crystals, the reversed conductance of 
which is extremc'ly small with respect to the value corresponding to 
the favorable direction. Ratios between 1/200 and 1/1000 have been 
obtained and these may afford satisfactory conditions for u.h.f. and s.h.f. 
mixer (jperation. 

With noise, too, the condition YoZin ^ 1 is of fundamental importance 
in obtaining low figures. Hence similar observations as w^ere made 
above are pertinent to this case. 

By the use of proper feedback we may try to increase the value of 
Zin. As an example a subsidiary feedback triode circuit may be used 



Fig. 190 Crystal d(»toctor operating 
characteristic showing d.c. as de- 
pendent on applied voltage Ft. 
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for this purpose, thus increasing the resonant impedance of the input 
circuit by regeneration. Obviously an increase of gain as well as a 
decrease of nois(' figure of the mixer stage may be obtained in this way 
under suitable conditions. As with all feedback circuits of this kind, 
the output noise figure of the mixer stage can never be lower than that 
corresponding to the triode oscillator stage used in the feedback circuit. 
Thus a reduction of mixer noise figure may only be obtained if and 
when the triode stage’s figure is lower than the original mixer figure. 

The diode mixer circuits under consideiation are at present practi- 
cally unrivaled as regards low noise figures at s.h.f. The use of velocity 
modulation tubes in first-stage amplifiers leads to far higher noise 
figures (references 252 and 372) but recently similar tubes called 'Tra- 
veling wave tubes” liax e been shown to yield noise figures as low as 10 
at s.h.f. (reference 205). 

References: 205, 252, 273, 302, 372, Jfil. 


VL2.44. Selection of tubes. Considering tubes for amplifier stages 
first, the two cases of r(‘lativ('ly narrow-band and of wide-band amplifica- 
tion have to be discuNsed separately. With both types of amplification 
the relevant tube properties are: transadmittancc^ (modulus), input 
impedance, and output impedance. Experiments have shown that 
the modulus of transadmittance does not vary (considerably at increasing 
frequency with tubes of suitable construction and a similar conclusion 
applies to the input shunt capacitance C^i as well as to the output 
shunt capacitance (\ut Rp to freciuencies at which stage gain becomes 
too low for practical purposes, 1'li(c input shunt resistance Rm as 
well as the outjiut shunt resist an(*e R^,ut are approximat(‘ly inversely 
proportional to the modulus of transadmittan(*e, other conditions re- 
maining ecpial. This results from experimental (see Figures 141 and 
142) as well as fiom theoretical data. Furthermore, both resistances 
are inveis(‘ly proportional to the scpiare of the freciuemy of operation 
within a laige range oi practi(‘al importance. Thus they may be ex- 
pressed by: 


YliUnff and = \Y\(loutf)\ 

Rout 


(VI.2.44a) 


tin and tout denoting time values dependent on tube construction. Their 
order of magnitude is usually about 10“^ secs. 
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The predominant data of an amplifier stage are: band width B and 
frequency / round which this band width is centered. Starting from 
these data, it is evident from the gain curve of Figure 132 that the 
highest gain obtainable with any particular tube corresponds to the 
case that gain is practically independent of frequency, i.e., to the con- 
ditions of what was termed wide-band amplific^ation: 


2TrBCinR^n » I and 27rBCouiRout » 1, (VI.2.44b) 

the second condition Ixnng in most cases satisfied if the first is. Hence 
we should try to select a tube satisfying the conditions (b) at the given 
frequen(;y / of operation. If no such tube is available, the type of tube 
with which these expressions have the largest values will be the most 
suitable, i.e., will yield the highest stage gain. If the conditions (6) 
are satisfied, optimal stag(‘ gain is: 


I 1)1- 

4 (2wli(\„)(27rm'out)' 


(VL2.44C) 


and the multiplier \ may under favorahk' conditions become unity 
a(‘cording to sections \\3.24 paragra])h below Eq. (6) of that sec- 
tion) and IV\2.13. Of all the tulxN satisfying the conditions (6), those 
having the highest value of: 


(VI.2.44^/) 


are the most suital)le in obtaining high stage gain. This value of 
Eq. (d) thus constitut(‘s a, figure^ of ima’it for all the types of tubes 
satisfying lOqs. (h) at the given fr(M|uency / of operation. Now suppose 
that the latter freciuency i^ so high or the band width B so narrow that 
no suita])le tubes can be found satisfying the conditions (h). Suppose 
further that, instead of being large, the expressions of Eq. (6) are small 
compared with unity. Then the gain is, by Eejs. (V.3.24u) and (VI. 2. 
44a) : 


I 1 

1 (./ ^irdout) 


(VL2.44C) 


Hence in this case the tubes having the lowest values of tin X tout cor- 
responding to lC(|s. (VI.2.44(i) are the most suitable in obtaining a high 
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stage gain. The expression ^/(iivtout) constitutes a pertinent figure 
of merit in this case, of which the highest values are the most favorable. 

Turning our attention now to mixer stages, we have three predominant 
data determining stage performance: band width B and the frequencies 
jin at the input and font at the output round which B is centered. Again 
we assume first that the conditions of Eqs. (b) are satisfied at the given 
values of fin and font. Then stage gain is given by the equivalent of 
Eq. (c), replacing Y by the conversion transadmittance Yconv, which 
bears a fixed relation to optimal transadmittance Y under proper con- 
ditions of mixer operation. Hence in this case the tubes having the 
highest values of the expression in Eq. (d) are the most suitable in 
obtaining a high stage gain. With some mixta* stages the second con- 
dition (6) may be satisfied but the first condition (6) not, the expression 
27rBCiyiRin being rather small compared with unity. Stage gain is 
then given by Eq. (V.3.24c) and the relevant figure of merit of the 
tubes in question is: 



(VI.2.44/) 


Finally, if both expressions of Eq. (h) are small compared with unity, 
we fall back upon Eq. (e) above and the pertinent figure of merit of the 
tubes at issue is 1 

Of all the possibilities mentioned, the type of tube yielding the largest 
stage gain may not always be the most suitable owing to subsequent 
properties, of which noise is predominant, some other ones btang distor- 
tion and applicability of a.v.c. As for noise, we shall assume that the 
gain of the entrance stage is sufficiently high to prevent the noise of the 
subsequent stage from being appreciable in the over-all noise figure 
of the set, which in this case coincides with the figure corresponding 
to the entrance stage. With this figure, only the part contributed by 
the entrance tube needs discu.ssion here. Assuming the first condition 
of Eq. (b) above to be satisfied, that part, with amplifiers as well as 
mixers, is given by: 27rBCinBfj according to Eqs. (\T.2.14f/) and 
(VI.1.23(/), Rf being the tube’s noise resistance (sec its definition in 
Eqs. (VL1.23/) and {h)). The pertinent figure of merit of the tubes in 
question is hence R/Ciny and this product should be as low as possible. 
If, however, the tube’s contribution to total stage noise is already in- 
appreciable, no attention needs be given to its further decrease. 

If, instead of the first condition of Eq. {b) being satisfied, this ex- 



SELECTION OF TUBES 


281 


pression is small compared with unity, we have to consider two cases: 
amplifiers and mixers. With triode amplifiers the results of sections 
VI. 1.2 are pertinent. According to them, the lowest noise figure, at 
proper operating conditions, is obtained with tubes having the lowest 
value of do (see Eq. (VI.1.12r/) and Fig. 151) if a cathode-base circuit 
is used and having the lowest value of bo (see Eq. VI. 1.22c) if a grid-base 
circuit is considered. We may translate these quantities into those 
familiar from the above discussion: 

= ^>0 = /+ + • • • . (VI.2.44y) 

The ratio T/Tin decreases at increasing cathode temperature. As- 
suming the latter temperature to be fixed, the remaining variable of 
dl is the ratio Rf/Rm which should be as low as possible. With grounded 
grid amplifiers the value of Un (see Eqs. {a) of the present section) 
should be as low as possible, which condition is also conducive to a high 
stage gain. If tetrode or pentode amplifier tubes are used, the r.m.s. 
partition fluctuation current should be as low as possible compared 
with the r.m.s. cathode emission fluctuation current, subject, however, 
to conditions of satisfactory screening action (i.e., sufficiently low 
feedback c.apacitance) by the screen grid. 

With mixer stages under tlie present conditions we may derive from 
Eq. (VI. 2.1 Ic) the condition that R/'Rm constitutes a figure of merit 
as regards the noise contribution of the mixer tube. This ratio should 
be as low as possible. 

With diode mixer tubes and crystals the discussion of section VI. 2. 43 
already affords sufficient, material pertinent to the selection of proper 
types and hence no further space need be devoted to that subject here. 

Finally, a few words Avill be devoted to the selection of suitable 
triodes for oscillator purposes. If oscillation at an upper frequency 
fo is reciuired, the resonant frequencies of input and output electrodes 
(lead inductances together with interelectrode capacitances) are re- 
(luired to lie high(*r than fo using the oscillator circuit under considera- 
tion. Subject to these requirements the tubes showing the highest 
optimal stage gain at fo under * ‘narrow-band” conditions are in general 
the most suitable and may show the highest efficiency in an oscillator 
stage. This is also favorable as regards oscillator noise relative to the 
oscillator power output. 

References: 22, 354 j 365, 367, 372, 398, 40L 
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VL3. Amplifier stages in which feedback is essential. The stagevS 
discussed in the preceding two sections VT.l and VI. 2 may be regarded 
as standard t^^pes of wide application. In some cases different stages 
have been applied, mostly with a view of obtaining simplified receiver 
sets, using (ewcv tubes and parts. 

VI.3.1. Detector and reflex circuits. With the detector stages in 
question regenerative feedback is applied with a view of obtaining an 
increased stage gain. With the r(‘fl('x circuits feedback is not, as a 
rule, regenerative but is such as to use one stage twice over for amplifica- 
tion of the same modulation at different carrier frecpiencies. 

VI.3.11. Regenerative detector circuits. Regenerative feedback as 
a means of obtaining an increased gain is aln'ady familiar from pre- 
ceding sections. In the present 
case su(‘h regenerative fecnlback is 
appli('d to an entrance stage incor- 
porating a dete(*tor (rectifier) circuit 
for the demodulation of AM sig- 
nals. A simple circuit of this kind is 
shown in Figure 191, the ant(‘nna 
being replaced by an input-(‘uiT(‘nt 
generator of intinite internal imped- 
ance sup])lying the current /. The 
in])ut r(‘s()iiuiit circuit has a Q value 
ecjual to ijoL li and the tube is of 
transadmittance 1", assumed to be real. Tlie input voltage V between 
grid and cathode of the tube in question (being supposed to l)e a tetrode) 
is given by the equation; 

l{jo^L + R) = V{il - 0 ,-LC) + jo,{CR ~ YM)], (VI.3.1 la) 

M being the mutual inductance shown in E'igure 191. If = 1 

and simultaneously CR = YM, the feedba(‘k is indicated as being 
critical. By Eep (u) the value of V would then become infinite at 
finite values of I. But at the ensuing high input voltage levels the 
transadmittance Y is no longer independent of this input voltage. 
We have seen in section VI. 1.42 that the transadmittance Is in this 
case given by 

r = r, - F3iF|2 + •••, (Vi.3.110 

the sign of the second term being in most cases negative (this was 



Fig, 101 Scheiiwitic diagnirn of re- 
generative cl(‘t(‘etor eireuit. 
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immaterial inEq. (VI.1.42it)) at high values of F. Inserting the trans- 
admittance of Eq. {h) into Eq. (a) and applying critical feedback cor- 
responding to the conditions: co^LC = 1 and CR = FiAf we obtain 
approximately, if Q — oiL/R 1: 

iy|3 ^ 

lo>L = \V\^W or = rrrf (VT.Sllc) 

In 


Without feedback (M — 0) the resulting grid input voltage works 
out as: 

r' 

/" 


L 

CR 


Q_ 

<^c' 


(Vl.S.lld) 


Hence we obtain the fundamental e(iuation: 

|r'| r,.i/ }'i’ 


(VI.3.11P) 


expressing that the third [)()wer of input voltage including critical 
feedback is directly proj)ortional to the input voltage without feedback. 
The ratio of input voltage, including feedback, to input voltage with- 
out feedback Is thus dependent on the ini)ut voltage level in cpie^tion. 
As a j)ra(*tical exarnpk' we may assume Id F.j to be, e.g., 10 (volts )“. 
Then if |V| = lOOm volts tlu' said ratio is 1000, and if | i j is 100 microv. 
the ratio becomes UF, Thus a very considerable extra gain may be 
obtained by th(‘ present application of feedback. 

The input signal, if of AM type, is demodulated ])y the grid (drcuit 
of Figure 101 (see section VH.l) and tlie modulation is amplified by 
the tube, rcMilting in a corresponding l.f. outjnit voltage at the tenninals 
of the resistance Ra in the tube’s anode lead. The tube thus serves 
a double purjiose: Edr-«t, it provides a suitable means of obtaining feed- 
back active at the li.f. input and, second, it serves as a low-frequency 
amj)lifier. As we sliall sc'c more elaborately in the succeeding section, 
such double ii.sage of a single tube coast itutes the main characteristic 
of a reflex circuit. 

In the preceding discu'^sion we have as^imed the transadmittance 
Id 3-^^ well as its components Fi and F.^, to be nxil for the sake of sim- 
plicity. At the present high frecpiencies this condition is, of course, 
not satisfied in many cases. But, if Id as well as Id are complex, a 
similar reasoning to the above one may be applied, involving no es- 
sentially new arguments. If Fi = Idi + jF,i, the conditions of 
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critical feedback are: 1 + osYuM — oy^LC = 0 and CR — Yr\M, A 
slight alteration of the equation for the ratio of input voltage including 
feedback to input voltage without feedback also results in the present 
case. 

We shall devote a little more space to the circuit of Figure 191. 
From Eq. (d) it Is apparent tliat a high input voltage without feedback 
is obtained using a high Q input circuit. Of course this is also con- 
ducive to a high input voltage applying feedback, according to Eq. (c). 



Fig. 192 Regenerative detector receiving set. Legend: selector circuit; SB, 

switch; E, transformer; Di, choke; KD, adjustable auto-transformer; I f. clioko. 


The notion of noise figure being only applicable to Umar devices ac- 
cording to section 1 1.2, no direct evaluation of such a figure is obtainable 
in the present essentially non-linear case. We may state, however, that 
regenerative feedback by the use of a tube as in Figure 191 will in 
general tend to increase the available noise-to-signal ratio existing at 
the input terminals of the tube previous to feedback, as the tube repre- 
sents an additional source of uncorrelated noise. Hence, though 
obtaining an increased gain, we cannot hope to obtain as low available 
noise ratios at the tube input terminals as with properly designed 
amplifier or mixer stages. 

As an example of a complete all-mains (a.c./d.c.) receiver set using 
only two tubes in all and incorporating a feedback circuit as considered 
in Figure 191, we discuss Figure 192; this set. with suitable inductances. 
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is operative at about 6 to 20 mc/s. The antenna is connected to a 
selector circuit SP^ which is switched off or on by means of the switch 
SB. The antenna coupling to the input resonant circuit is effected by 
means of a transformer E, while the feedback may be controlled by 
means of the variable condenser Ci. The tube of European type 
UCLU shown is a tri ode-tetrode. The l.f. signal from the tiiode’s 
anode is conducted across the choke Di for purification from hi. com- 
ponents and is then connected to the iron-core autotransformer KD of 
controllable transformation ratio. The output l.f. voltage of this 
transformer is supplied to the control grid of the tetrode. Upon l.f 
amplification the l.f. signal from the anode of the tetrode is fed to the 
loudspeaker L shown in the figure. The magnitudes of the various 
element jiarts are indicated (except the h.f. coils), D 2 being a choke 
u>ed in the power supply unit (see section Vn.4). The set’s sensitivity 
may be of the order of 100 microvolts, full output being obtained at 
this input. 

VL3.12. Reflex circuits. As already mentioned, reflex means the 
multiple Use of the same tube for amplification at different (carrier 
freciuencies, A simple example has been dealt with in Figures 191 and 
192, the first carrier frequency being the h.f. input frequency and the 
second carrier frequency (subsequent to dimiodulation) being zero 
with sound modulation. The multiple use of a tube produces a number 
of extra circuit problems, resulting from the lu'cessity of obtaining a 
proper separation of the different carrier frequencies in question. By 
the non-linearity of tube performance several possibilities of inter- 
action between the different signals following the same tube i)ath may 
be created. Assuming the two signals in (piestion to be a h.f. AAl 
signal and a l.f. signal, we shall consider two interactions: First, di— 
turbance of the h.f. by the l.f. signal, and second, disturbance of the 
l.f. by the h.f. signal. In this discussion account must be taken of the 
l.f. signal’s being, in most cases, of much higher voltage at the tube’s 
input terminals than the h.f. signal. This condition is not satisfied 
with Figures 191 and 192, where both signals are of equal magnitude. 
Assuming the said condition to be valid, the disturbance of the h.f. by 
the l.f. signal will often be much more serious than the inverse dis- 
turbance. That disturbance essentially takes the form of a disturbing 
modulation which is additional to the already existing modulation of 
the h.f. signal. The disturbing modulation enkiils modulating fre- 
quencies equal to those of the l.f. signal as well as multiples of these 
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frequencies. By the former frequencies an increase or a decrease of 
the original AM of the h.f. signal may be caused, depending on the 
relative phase angles of the disturbing modulation with respect to the 
original modulation. By the latter frequencies distortion of the result- 
ing demodulated l.f. signal arises. Hence this disturbing modulation 
should be avoided as far as possible. Means to this effect are: First, 
the use of a tube of the remote cut-off type and of gradually sloping 



Fig. 103 Diagram of a reflex receiving set lining a triode-heptocle tube UCH21 
and a twin-diode-pentode output tube UlU/il (lOuropean types). For description 

of operation sec text. 

anode current versus grid bias curve. Second, a decrease of the l.f. 
signal at the tube's input teiminals. The latter means is, of course, in 
contrast to the chief aim of reflex (urcuits, consisting in the creation of 
large gain using only few tubes. 

As an example of a reflex receiving set, the diagram of Figure 193 
will be discussed briefly. This diagram contains two amplifier tubes 
{UCH2\ and UBL2\) and a power supply rectifier {UY2\), the set 
being of all-mains fa.c./d.c.) type and suitable at two wave ranges, e.g., 
6-20 mc/s and 2-6 mc/s. The antenna coupling to the input resonant 
circuit is effected by means of a transformer (see Fig. 145c). The hep- 
tode part of the tube marked UCH2\ is used as a mixer tube, the oscil- 
lator stage incorporating the triode part of the said tube. The i.f. signal 
from the anode of the mixer tube is connected to the entrance of a set 
of two coupled i.f. resonant circuits. From the output terminals of this 
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coupling set the i.f. signal is conducted to the control grid of the tube 
lJBL2ly a double-diode-pentode, thus serving as an i.f. amplifier in 
the first place. The I.f. output transformer T is bypassed by the con- 
denser C4, thus allowing the amplified i.f. signal to be fed to the diode 
D via the i.f. circuit Z and a condenser of 100 pF . In the diode circuit 
demodulation of the A^I i.f. signal is obtained, and the resulting I.f. 
signal of the diode stage is conducted via the potentiometer P and 
via A and B to the control grid of the pentode part of the tube UBL21. 
This tube thus serves in the second place as a I.f. amplifier (reflex). 
The I.f. signal from its output is fed to the loudspeaker via the I.f. 
transformer T. As a special measure counteract ing possible non-linear 
interaction of I.f. and i.f. signals in the tube VBL2\, a choke of 200 
fjL henry has been inserted into its cathode lead. This choke effects 
a degenerative feedback jiromoting linearity in the i.f. amplification 
by the said tube. The entrance part of this set being a normal multi- 
grid mixer stage, its noise figure may be of tlie order of magnitude of 
20 if constructed properly. 

VI.3.2. Super-regeneration. Whereas the regenerative h^'dliack di^- 
cus.scd in section VT.3.11 was such that no actual oscillations ensued, 
the present application of feedback makes use of such oscillations as 
a means of obtaining an increased gain. 

VL3.21. Operation. The circuit of a super-regeneration stage bears 
s{ane resemblance to that of Figure 191. The feedback is, however, in 
the present (’a.se over-critical, meaning oj^LC = 1 and YM > CIl in 
E(l. (VI. 3. Hr/). By this over-critical coupling oscillations are started 
in the resonant circuit; this process has been described in some detail 
in sections VI. 2. 3 1 and 32. The essential dilTerence of the present 
su])er-r('generation from ordinary oscillation resid(\s in a variable bias 
voltage being applied to the control grid of the tube in cpiestion. 
shall supi)ose for sim})licity that this bias voltage is made to vary be- 
tween two fixed levels, the variations themselves being almost al^rupt 
or at least taking place within time intervals, small with respect to the 
intervals during which the bias voltage remains at each of the two 
fixed levels. These levels are so chosen that oscillations are started 
at one of them but not at the other one, the transadmittance obtaining 
a too small value in the latter case (see E(|. VI. 2. 31a). The means of 
obtaining the said variations of bias voltage automatically will be dealt 
with later. As soon as the bias level conducive to oscillations is reached, 
oscillations will be started in the resonant circuit. 
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Two cases may arise: either a received signal acts on the said circuit 
or no such signal is present. Assuming the first case, the signal's 
carrier frequency is supposed to coincide approximately with the circuit's 
resonant frequency. The oscillator voltage across the tuning con- 
denser of the resonant circuit will in this event rise approximately ex- 
ponentially starting from a level corresponding to the value of the 
input signal voltage, the exponent in question being o)ot/2Q, Q repre- 
senting the resonant circuit’s quality and ojq its resonant angular fre- 
quency. Now the bias variations mentioned above are timed such 
that the low bias level comes into effect shortly before the oscillation 
voltage has grown to its ultimate value, discussed in sections VI. 2.31 
and 32. From the moment when this decrease of bias level occurs, the 
oscillator voltage decreases again, this decrease involving again ap- 
proximately an exponential function of exponent oiot/^Qiy Qi being the 
circuit’s quality under the present bias conditions. The bias level 
remains unaltered until the voltage level corresponding to the input 
signal voltage under the present conditions is obtained. Then the 
bias is again varied to its high level, exciting oscillations, and the entire 
process starts over again. Referring to the circuit of Figure 101, the 
oscillator voltage amplitude between grid and cathode roughly rise-; 
and falls according to the upper full enveloping curve of Figure 194, the 
lower full curve representing the abrupt variations of bias voltage. 
The second upper curve corresponds to an initial input signal voltage 
of smaller amplitude than the upper former curve. 

By the action of the grid leakage resistance Rg and of its bypass 
capacitance Cg the individual oscillations of voltage between grid and 
cathode arc flattened out and only slow variations of oscillator ampli- 
tude are registered by the d.c. flowing through Rg. Thus a voltage is 
created at the grid, approximately given by the surface area enclosed 
by the enveloping upper curve of Figure 191. At a lower level of 
initial input voltage the surface area is smaller, as indicated by the 
second upper curve. The final value of oscillator amplitude is reached 
later in this case by a time interval A^, a})proximately expressed by: 


~w 



(VI.3.21a) 


the input amplitude Vin being larger than This time interval 

At represents a measure for the difference in grid voltages V g obtained 
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in the rectification process corresponding to the input voltages Vin and 

' (VL3.216) 

Vmax being the maximum oscillator voltage according to Figure 194 
and to being the time during which the bias voltage is at its high level 
(see Fig. 194), this time being of sufficient duration for the oscillator 
voltage to reach Vmax starting from Assuming an AM input signal 

we have: 

Vin = V„{1 + COS ni), V'ir, = V o- 

By inserting this into Eq. (a) and by series development of the loga- 
rithmic function we obtain : 

At = — {via cos Ot - \ml cos^ 12/ H ). (VI.3.21r) 

coo 

Thus at small values of the AM coefficient lUa compared with unity, th(' 
voltage variations Al^, active 
between grid and cathode are 
approximately proportional to 
ifia cos 12/ according to Ec^s. {h) 
and (c), only the hrst term of 
the series in the latter equation 
then being involved. The other 
terms of this .series give rise to 
distortions of the rectified sig- 
nal if com})arcd with the initial 
modulation, d hey may often 
be disregarded if nia < 0.5. 

The rectified l.f. grid voltage 
is amplified by the same tube 
and gives rise to a corresponding 
voltage in the anode circuit, 
e.g., across Ra of Figure 191. 

Thus a reflex circuit is also in- 
volved in the super- regeneration under discussion, though this is not 
essential to the over-all operation. 

We shall now devote some further discussion to the variations of 
bias level, essential in the operation of super-regeneration. These 



Fig. 104 Upper picture: Oscillating volt- 
ages ensuing from two .starting levels, Idn 
and Vxn' respectively, and finally building 
up to the saiiH' voltage Vmax- E>wer pic- 
ture: Bias voltage as dependent on time, 
caused by quenching oscillator. 
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variations are often carried out at a supersonic rate if the input signal 
has AM at sound frequencies. They may be achieved by means of a 
special oscillator operating at supersonic frequency. An approximately 
sine-shaped oscillator output voltage may be transformed into the 
abrupt voltage variations shown in the lower part of Figure 194 by 
means of a suitable transducer or the latter may be generated by a 
suitable RC-oscillator circuit. This transformation is, however, not 
essential, as the super-regenerative circuit will also operate at sine-shaped 
variations of bias voltage. These variations may also be created by the 
tube circuit itself. In this case we can make a useful application of the 
over-oscillation procedure described in section VL2.32. If the half-period 
of these over-oscillations is made to coincide with to of Figure 194, the 
required periodic variations of bias voltage will occur automatically. 

References: 8 , 184 , 


VL3.22. Gain and noise. From Eq. (VI.3.216) we conclude that 
Vmax and M should be as large as possible while to should be as small 
L\s possible in order to obtain an optimal value of AVg. Hence to will 
preferably be chosen such that the voltage Vmax just attained starting 
from, say, Vo'. 

to = — In • (VI.3.22r/) 

Wo \ Vo / 


4 he gain <7 of tie stage in question will be defined as being the square 
of the ratio of hVg at 12 / = tt to niaVo. Thus: 


(J 


[ Vnu.x/Vo 

l21n(lWV„)i 


(VI.3.22/>) 


As Vmax Is in most cases of the order of magnitude of some volts and 
Vo may be some microvolts, gains of 10 ^^ are ol)taina])le in a single 
stage by super-regeneration. The fre(iuency ft of the bias level varia- 
tions Is 1 /( 2 /^) and is often of the order of magnitude of the resonant 
frequency fo divided by Q. Thus, if Q = 100 and /« = 300 mc/s, we 
obtain fb — ^ mc/s. 

In order to satisfy the conditions underlying this operation of a 
super-regeneration stage, the value of the product RgCg of Figure 191 
must be such that ilRgCg<^ 1. This condition is imposed by the re- 
quirements of a proper detection process of the AM signal (see section 
VII. 1 ). But fhRgVg must be large compared with unity in order to 
allow the enveloping voltage curve of Figun^ 194 to develop properly. 
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Thus fb must be much larger than the highest frequency of modulation. 
This condition is not hard to comply with in the case of a u.h.f. carrier 
frequency. 

The noise level with super-regeneration results largely from the 
initial noise voltage present at the terminals of the resonant circuit at 
the start of the high bias level period. If no input signal is present, 
fluctuation voltages of frequencies centered 
round the resonant frecpiency of the input cir- 
cuit will start oscillations, the ultimate ampli- 
tudes of which will be of random magnitude, 
as are the initial voltages. If the signal voltage 
to be received by the stage in question is com- 
parable with the r.m.s. fluctuation voltages at 
the start of the high level bias period, the 
ultimate voltages attained at the end of this 
period will also be of comparable magnitude. 

The noise figure of the stage may hence be cal- 
culated by (waluatiiig the available noise power 
at the t('nninals of the resonant circuit at 
the starting instant mentioned above. This 
available power being KTAf, the noise figure works out as unity. But 
in this reasoning the noise contributions by the tube have been disre- 
garded. Taking them into account will probably result in noise figures 
of, say, 5 under appropriate conditions of operation. Figures like this 
may be considered as favorable in view of the particularly high gain 
involved. 

Finally we shall discuss a limiter effect, inherent to a super-regenera- 
tion stage under pj’oper conditions of operation, assuming a fixed value 
of to. If an AM signal is present at the stage’s input, the l.f. voltage 
g at the tube’s input terminals will increase at very small signal 
carrier input voltages until a value of the latter voltage occurs at which 
the ultimate voltage is just reached during the fix('d value of 
If the input carrier voltage is increased further, practically no cor- 
responding increase of AVg ensues, thus obtaining the curve shown in 
Figure 195. A super-regeneration stage has hence properties corre- 
sponding to an automatic volume control. This has been confinned 
by experiments. The said property is similar to the action of a limiter 
stage (see section VII. 2) in FM reception. 

References: 8 , I84 . 


AVg 



AV ,; at output of super- 
K'^Toneralive stage as de- 
pendent on signal carrier 
voltage Vo at the input. 
Limiting effect of super- 
regeneration. 
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FURTHER STAGES AND OVER-ALL DESIGN 

Though the entrance stage of a receiver is doubtless the most im- 
portant in many respects, including noise figure, its further stages also 
contribute materially to its over-all performance. Their detailed and 
comprehensive discussion is outside the scope of this book and many 
of them are familiar from the common radio set. But some stages 
merit discussion from the special viewpoint of ultra short wave recep- 
tion and these will be considered here. 

VII. 1. Rectification (Detection) and Output Stages 

Wlien the signal has passed through mixer and amplifier stages, its 
modulation content must be separated from the carrier freciuency. 
This is essentially the purpose of a detection stage. Upon detection 
the signal is made to pass through one or more output or ‘‘power” 
stages intended to supply the required signal power at the set’s output. 

VII.1.1. Rectification stages. Several types of rectification (detec- 
tion) circuits have been proposed of which some will be treated here 
with a view of examining their properties for the present purposes. 

VII.l.ll. Diode rectification. The signals arriving at the entran(‘e 
of a rectification stage are of AM type, other types of modulation of 
the received signals at the entrance of the receiver having been con- 
verted to AM prior to their arrival at the detector entrance. Two 
types of AM will be considered, single side-band signals and double 
side-band undistorted AM. 

Dealing with the single side-band case first, we shall assume that 
only one single side-wave component is present and that its arnplitiuk^ 
is small compared with the carrier amplitude. The received signal 
wave at the entrance of the set is usually not of this type. The presence 
of multiple side-frequency components need not be taken into account, 
as each component may be dealt with similarly to the single one con- 
sidered here. If the carrier amplitude is not originally large compared 
with the side-frequency amplitude it will often be given relatively more 
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amplification (see section VIl.3.2) in order to obtain the relationships 
mentioned above at the entrance of the detector stage. We shall 
further avssume that the difference Q between the angular frequencies 
of the carrier and the side-wave is small compared with the angular 
frequency coc of the carrier. This condition is in most cases satisfied 
at u.h. carrier frequencies. A diagram of a detector stage suited to 
these conditions is shown in 
Figure 19G. The input reso- 
nant circuit is of resonant im- 
pedance Rin at the carrier’s 
angular frequency o^c as well as 
at the angular side-frequency 
coc + The bias resistance 
R and its bypass capacitance 
C are such that o)cRC 1 and 
^IRC ^ 1. The out])ut resist- 
ance 72 1 and its bypass capaci- 
tance Cl satisfy the conditions: 
o)cfiiCi ^ 1 and QRiCi 1, 
this combination thus representing a nearly pure resistance Ri at 0. 
The l.f. transformer tr at the output is assumed to be of ratio 1 : 1, and 
reasonably free of losses, its aim being to prevent d.c, from passing 
through Ri. The transformer’s inductance in conjunction with Ci 
resonates neither at coc nor at 0. 

Comparing the circuit of Figure 196 with the diode mixer circuit of 
Figure 176, all elements of the latter arc seen to have corresponding 
counterparts in the former circuit (Rout in Fig. 176 corresponding to 
Ri in Fig. 196), with the exception of the coupling coil for the oscillator 
voltage. In the present case we have originally to deal with two fre- 
quencies: carrier and side-wave, as with the said mixer, and the rela- 
tionship of their amplitudes corresponds entirely to that between 
oscillator and input frequency in the mixer case. The two cases may 
indeed be treated in a similar way if we deal with the carrier voltage 
of Figure 196 as with the oscillat/or voltage of Figure 176. By the action 
of the carrier wave in cominnation with 72 and C, the diode’s or crystal 
detector’s admittance oscillates between almost zero and a maximum 
value, its dependence on time being similar to the Y curve of Figure 171 
and its representation being given by Eq. (VI. 2.21a), if is replaced 
by coc. The theory of a diode mixer stage of section VI. 2. 21 may be 



Fig. 196 Diode rectification (second de- 
tection) stage. Legend: /l^„, resonant im- 
pcvlancc of inj)iit circuit; /f, resistor; C, by- 
pass condenser; D, diode; ir, transformer; 
Cl, bypiiss condenser; R], output resistance. 
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applied to the present ease with only slight changes. In particular the 
gain gy meaning the ratio of the available l.f. power of angular frequency 
Q at the terminals 3, 4 to the available power of frequency ojc + Q at 
the terminals 1, 2 of Figure 196, is given by Eq. (VI. 2.21c). It ap- 
proaches unity under the conditions: YoRin ^ 1 and Yi == 2Fo. The 
latter condition requires the resistance R of Figure 196 to be large com- 
pared with the internal diode resistance (see section VI. 2.21 subsequent 
to Eq. (a)). The signal as well as the noise issuing from the receiver's 
entrance stage (s) having gone through considerable amplification 

previous to the rectification stage 
in question, the additional noise 
caused by the latter stage may in 
most cases be disregarded. The 
noise arriving at the input teiTninals 
1, 2 of Figure 196 together with 
the signal is det(H‘ted similarly, and 
the gain relative to the available 
noise power is ecjual to that corre- 
sponding to the signal. Hence the 
available noise ratio at the entrance 
is equal to that at the output ter- 
minals 3, 4. The definition of this ratio in the present case is: ratio 
of available noise power in a relatively small freciuency interval Aj’ 
centered round Q + Wc to available signal power at U Wc in the 
entrance case and both powers being centered round H at the output. 

We now come to the detection of AM signals of symmetric and 
undistorted double side-band modulation. If the carrier amplitude 
were large compared with the side-wave amplitud(‘s, the operation of 
a suitable diode detector stage could be discussed on the basis of a 
mixer stage under image-response conditions. But in most cases this 
condition is 7iot satisfied and we shall hen(‘c not introduce it. A com- 
mon diode detector circuit is shown in Figure 197, the input terminals 
being 1, 2 and the output terminals 3, 4, connected to the input terminals 
of the subsequent l.f. stage. Assuming an AM signal voltage at the 
input terminals 1, 2 given by the eciuation: 

Vo{ 1 + nia cos (Qt -f- (f) } cos o:t 

(see Eq. 1.2.216), the values 7?i and Ci of Figure 197 are required to 
satisfy the condition: ooRiCi ^1, Rj and C 2 satisfying the condition 


2 



Fig. 1‘J7 Diode detector stage con- 
nected to a subs<'quent l.f. ainpIifiiT 
stage. 
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QC 2 R 2 ^1- Iiii many cases we have also: QCiRi 1. Under these 
conditions we may discuss two cases: First, Vo large compared with 
KTcle — Vt, Tc being the cathode’s temperature and e the electronic 
charge. Second, Vo small compared with Vt. In the first case the 
amplitude of the voltage of angular frequency arising at the terminals 
3, 4 is proportional to In the second case it is proportional to 

Vl[l + nia cos (Qt + Hence the first case is indicated as ^fiinear’’ 

and the second one as 'tsquare law” detection. In the second case we 
obviously meet with considerable distortion if nia is not extremely small. 
Therefore the first case is preferable and conditions of operation should 
be chosen accordingly, meaning sufficient over-all gain of the stages 
preceding the detector. 

VII.1.12. Equivalent networks and wide-band detection. Consider- 
ing ^fiinear” detection, we shall fii'st dis(*uss the equivalent impedance 
of the detector stage if viewed from the terminals 1, 2 and then it^ 
equivalent network at the output terminals 3, 4. The input impedance 
at the terminals 1, 2 is to be evaluat'd at the angular carrier frequency 
CO as well as at the two angular side-wave fre(}uencies co zb f2. At th(‘ 
(;arrier-wave frequency we may assume the shunt capacitance of the 
entire network to the right of the input resonant circuit of Figure 197 
to be incorporated in the tuning capacitance of this circuit, tuned to 
the said frequency. Thus the detector circuit’s input impedance at 
the terminals 1, 2 is a pure resistance at co, and this resistance approaches 
Ri/2 if Vo becomes larger than 10 times Vt and if /?2 ^ /?i. At smaller 
ratios VofVr it is smaller. At the two side-wave frecpiencies the input 
impedance consists of a shunt connection of a resistance with a suscep- 
tance, positive at the higher frequency and negative at the lower fre- 
quency. The resistance Rm in question is given by (see Fig. 197) : 


2 2 

l{7n ^ Ih ^ ^ 2 ’ 


fVII. 1.12a) 


The shunt susceptance active at the angular frequency co zb iM 


1 


X 


in 



(VII. 1.126) 


being the phase delay of the input modulation current with respect to 
the corresponding voltage, the upper and lower sign corresponding to 
CO zb Q respectively. Thus we obtain the equivalent input networks 
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pictured in Figure 198, the diagram a pertaining to the carrier w (if 
^ Ri in Figure 197) and h to the side waves cj dh 12. 

If wide-band detection Is considered, the diode’s characteristic curve 
(i.e., d.c. versus bias voltage) may often be approximated by a straight 
line of slope l/Ri (compare the similar reasoning of the preceding section 

VII. 1.11). Applying this approxi- 
mation, the above Eqs. (a) and (6) 
arc valid if Ri and R 2 are large 
compared with Rj, e.g., Ri > 100 Rz. 
At the output terminals 3, 4 of Fig- 
ure 197 the detector circuit may be 
represented by a constant l.f. volt- 
age generator of voltage Vout and of 
zero internal impedance, acting in 
series with a resistance /?« on a shunt 
connection of Ri, Ro, and Ci (see 
Fig. 199). The capacitance C 2 of 
Figure 197 is assumed to satisfy the 
conditions: Q.C 2 R 2 ^ 1, ^ 1, 

necessary to the validity of the 
shunt connection of /?i, /? 2 ; and Ci in Figure 199. The expression for 

Vout = mX. (VII.1.12C) 

The ratio of w' fo rua is shown in Figure 200 for the linear detector 
under discussion as dependent on 
the ratio R\/Ri if R 2 ^ The 
ratio mJjma is hardly different from 
unity if RxjRi is larger than, say, 

50. Furthermore, the value of R^ 
of Figure 199 may also be obtained 
from Figure 200 if R 2 Ri- It is 
seen to become small compared with 
Ri, if Ri/Ri is increased beyond, say, 

50. We have now all the elements 
necessaiy to a complete discussion of the circuit of Figure 197. The h.f. 
amplifier stage preceding the detector circuit shown in Figure 197 may be 
represented at its output by a voltage generator: V in (1 + rriin cos ^t) X 
cos Oil in series with a resistance Rq rep/esenting the output resistance of 
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Fig. 109 Substitute diagram at the 
output terminals 3,4 of diode detector 
stage (see Fig. 197). 
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19S Substitute diagrams at in- 
put terminals 1,2 of diode detector 
stage (see Fig. 197). Diagram a is 
valid for carrier frequency and dia- 
gram h at the side frequencies. 
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the preceding tube circuit. Assuming the resonant impedance of the 
tank circuit shown in Figure 197 to be Rrea and its tuning capacitance to 
be Cty we obtain a change of AM coefficient from the original value rriin to 
nia at the terminals 1, 2. This change is caused by the difference in 



Fia. 200 Curves representing ratio of to lUn (see Qq VII 1 12r) and of Rs to 
R\ (see Figs 199 and 197) as dependent on ratio of R] to R^, the latter being the* 
diode's internal resistance. 


input impedance at the carrier and at the side-wave frequencies (see 
Fig. 198). Thus (reference 301): 

Hjn 7?i + 2AVs 

COS ip 


nia 


lan , - 2fl (c, + 

lip 


Rl Rui + Rrts 

lire-iRin 


R. 


Vo = F, 


+ Rin 

RrcsR\ 


Ua + ltp' 2/^„, + 72i 


(VII.1.12rf) 


Inserting these values into Eq. (VI 1. 1.1 2c) and Figure 199, the evalua- 
tion of the resultant l.f. voltage at the output terminals 3, 4 is a simple 
matter. 

We shall now diseu.ss some limitations imposed on the AiM coefficient 
in order to avoid distortion. Considering Figure 201, the d.c. through 
the diode is shown vertically in dependence on the bias voltage active 
at the diode’s electrodes (horizontal scale) at several values of the 
h.f. r.m.s. voltage Vo/^2 as indicated. If J22 » and «: 1, 

the ratio of l.f. instantaneous voltage at the diode’s electrodes to the 
l.f. instantaneous ciirrent through the diode is /?,, and thus the .straight 
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line marked Ri in Figure 201 is in this case the locus of all correspond- 
ing points. But if the condition ^CiRi ^ 1 is dropped, the loci become 
approximately ellipses as shown. If the AM coefficient is such that 
the ellipse marked III is obtained, serious distortion would ensue, cor- 



Fig. 201 Curves representing diode current (vertical scale expressed in microamps) 
as dependent on bias voltage (horizontal scale) at dilTerent amplitudes Vo of applied 
alternating voltage. The line OA corresponds to a load resistance of 0.5 megohm. 
The three ellipses are loci of momentary corresponding l.f. voltage and current values, 
the coefficients of AM being 0.4 for curve I, 0.78 for curve II, and 1.0 for curve III. 
The line R A i^'cor responds to a load resistance Ri wliich is smaller than Ri, 

responding to the broken part of this curve, which is obviously not 
properly detected. l"he ensuing limitation is approximately: 

ml (1 + Q-RlCl) < 1. (VII.1.12e) 

The three ellipses of Figure 201 represent the following AM coefficients: 
1: 0.4; II: 0.78; III: 1.0. Another limitation arises if the condition 
R 2 ^ Ri is dropped, though QCiRi 1. In this case the straight 
line marked Ri in Figure 201 represents the locus of corresponding 
l.f. current and voltage values, Ri being the resistance resulting from 
the shunt connection of Ri and R 2 . If the AM coefficient is larger 
than that corresponding to a swing between the points B' and B of 
the said line, the ensuing l.f. voltage shows distortion. Referring to 
the internal diode resistance Ri^ the maximum tolerable AM coefficient 
max is showii in Figurc 202 for different values of Ri/Ri as dependent 
on the ratio Ri/Ri. 

With wide-band detection the application of diodes having small 
values of internal resistance Ri is essential in order to obtain an optimum 
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value of l.f. output voltage of the detector stage. Thi.s may be seen 
from Figures 199 and 200, R, assuming considerable values in relation 
to Ri if Ri/Ri is not large compared with unity and w' dropping far 



Fig. 202 Maximum admissible coefficient rria max input AM of a detector stage 
as dependent on ratio of Ri to Rt (see Fig. 200) for dilTerent values of the ratio 
Ri/Ri (sec Fig. 201 and text). 


below 7na in this case. Now Ri becomes rather low with wide-band 
detection, owing to the condition 1, and thus Ri should bo 

lower still in order to avoid loss of gain. As a simple example of this 





Fig. 203 Diode currents (vertical, expressed in milliamps) as dependent on bias 
voltage (horizontal scale). Curves 1 and 3 correspond to an applied a.v, of 5 
volts r.m.s., the curves 2 and 4 to zero a.v. The straight line corresponds to a load 

resistance of 2000 ohms. 

effect we consider Figure 203. The straight line shown corresponds to 
Ri = 2000 ohms, while R2^ R\- The full and broken curves cor- 
respond to two different diodes, the former being a special wide-band 
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type and the latter a conventional r.f. tube type. With the curves 
1 and 3 the r.m.s. voltage (unmodulated) active at the detector^s 
entrance is 5 volts, with the curves 2 and 4 it is zero. The detected 
l.f. voltages result from the intersections of the straight line with the 
curves 1 and 3. Obviously the wide-band diode affords much better 
detection. Still, if Ri were large compared with Ri, the optimum 
detected voltage would be approximately 5a/2 = 7.1 volts, whereas 

it is only 58% of this value with 
the best diode shown and 37% 
with the conventional r.f. diode. 
The importance of low Ri values 
is thus stressed, keeping, however, 
the diode’s shunt capacitance C as 
low as possible. Hence we have 
to resort to small interelcctrode 
clearance in order to achieve the 
aim under discussion, i.e., optimal 
efficiency of detection, diodes of 
smallest product RiC being most 
suitable. 

References: 301 y 359, 

Vn.1.13. Grid and anode rec- 
tification. In some cases the con- 
trol grid of a triode or multi-grid 
tube (tetrode or pentode) has 
been used instead of the diode 
in the preceding two sections. 
As an example, a corresponding 
diagram is shown in Figure 201, together with the detection curve 
of an AM input signal. The output voltage of the detector stage 
is nearly proportional to the input carrier voltage Vg within a lim- 
ited range of input signal. Beyond this no proportionality exists 
and serious distortion may arise. The cause of this fact resides in the 
curvature of the anode current versus grid bias curve near cut-off bias 
voltages. This region of operation should therefore be avoided. With 
wide-band detection the internal resistance Ri corresponding to the 
grid-cathode space of the tube Is in many cases too high to afford 
efficient undistorted detection (see end of preceding section VII. 1.12). 



P"i(i. 204 Grid rectifier stage and corre- 
sponding rectification curve showing l.f. 
output voltage Va as dependent on r.f. 
input voltage Vg. 
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Another mode of detection sometimes used tentatively is so-called 
anode-bend detection. Detection is in these cases mainly caused by 
the curvature of the anode current versus control grid bias curve. 
Owing to the nature of this curve the l.f. anode current I caused by a 
modulated input voltage between control grid and cathode is approxi- 
mately proportional to the square of this voltage. Thus: 

/ ^ { 1 -[■ (‘-OS ( 4" ^ ~ 

(Vll.l.lSa) 

Vl[l + 2ma COS cos {2Qt + 2ip)}. 

This equation shows that the l.f. output voltage created by the l.f. 
current across a resistance in the anode lead is only approximately 
proportional to the modulation 
content of the input h.f. volt- 
age, if the AM coefficient 
is small compared with unity. 

The ratio of the output l.f. 
voltage of twice the AM fre- 
quency to that of simple AM 
frequency is ^fUa. Thus dis- 
tortion Ls considerable, if rria 
exceeds, say, 0.2. For this 
reason anode-bend detection 
is hardly used if distortion 
matters, which is in most cases 
of sound and television detec- 
tion. Only with some cases of IM detection — e.g., connected with 
radar — its application might lead to a slight simplification of the set, 
as the detection diode is eliminated. 

By application of a special circuit, anode detection may be given 
similar properties as diode detection (Fig. 205). The cathode bias 
resistance R is chosen such that no grid current is caused even by large 
signal input voltages, while the bypass capacitance C satisfies the 
equation: QCR<^1. If the input signal voltage is small compared 
with the cut-off voltage of the anode current versus grid bias curve 
(see Fig. 205), detection occurs at the point a of this curve and is 
caused substantially by curvature effects (see Eq. (a)) when distortion 
may be considerable. At large input signal voltages, however, detection 


+550K 




Fig. 205 Rectification (detection stage), 
the h.f. input voltage being Vh/ and the l.f. 
output voltage Vif. The diagram at the 
right pictures the stage’s functioning. 
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is linear and similar to that with a diode circuit. A corresponding 
signal voltage is shown in Figure 205 together with the locus of l.f. 
current and voltage values corresponding to a resistance R, this locus 
being a straight line in our curve diagram. Some experimental results 

obtained by application of 
the circuit of Figure 205 are 
shown in Figure 200. Two 
values of AM coefficient ///„ 
are applied corresponding to 
the full {iHa = 0.9) and to the 
broken {via — 0.3) curves in 
tlie figure. The distortion 
s(iuared is defined as the 
ratio of the sum of tlie squares 
of l.f. voltages of U\ice, three 
times, four times, etc., the 
fundamental AM frequency 
to the sum of the squares of 
all l.f. coini)()nent voltages at 
tlie output. Xo appreciable 
advantage of this cinaiit in 
Fig. 206 Resulting detection and distortion comparison with a suitable 

of stage according to Fig. 205. Vertical scale diode cii'(‘iiit is apparent 

represents h.f. iiifiut voltage as well as per- whereas it may be at a dis- 

ccntaged of distort 10.1 Horizontal scale re,, re- jidvantago at ividc-band de- 

sents l.f. output voltage. (Jurves starting . ^ t ^ 

from zero are detection curves, other curve.s ^ ^ ^ inay bc higher 

being distortion. Coeflicieut tna of AM is than with suitable diodes. 

indicated at each curve. Summing up, the methods of 

detection mentioned in the 
present section are hardly n^commendable in geiuu'al if compared wdth 
suitable diode detector circuits as discussed in the two preceding sections 
VII. 1.11 and 12. 

VII. 1.2 Output and Video Stages 

This title is intended to cover all the stage's of a receiver subsequent 
to the rectification or second detection stage as dealt wdth in section 

VII.1.1. 

VII, 1.21. Operation. The stages in a receiver, subsequent to 
rectification, may be indicated as l.f. stages, implying that the lowTr 
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frequency limit of the band under amplification is adjacent to zero, 
being, e.g., 50 or 100 c/s. The upper frequency limit may be some 
10 or 15 kc/s with sound stages and some 2 to 5 mc/s with video stages 
in television receivers, while values of about 1 mc/s are common with 
impulse receivers (e.g., radar). The stages in question may be classi- 
fied as low-power stages directly 
succeeding the detector and a subse- 
(pient (or more) high-power stage (s). 





C2 


1 






S, = 

r' 1 

R2 ■ 

ttCg 1 

] 

[ 






208 Siinplifiod amplification cir- 
cuit, ropicsciiting the tube by a current 
generator supplying a current equal to the 
product YVg of tanscc inductance and in- 
put l.f. voltage. 


In receivers EC coupling is in most 
cases applied between subsequent 
stages. Two conventional circuits 
suitable for sound amplilication are 
shown in Figure 207. The values 
of the capacitances and resistances 
are subject to a number of conditions of which we quote the following, 
assuming cc/ to b(‘ the lowest angular freepiency of the band under 
amplification : 


Fio. 207 Two convc'iitioiial If. 
phfication circuits using a triode 
a pentode respi'ctively . 


am- 

aiid 


o^iCcRc ^ 1 , ^iCdEd ^ 1 . 

Assuming the parallel connection of tube plate resistance and Rl to 
be equivalent to a resistance Ri and the total shunt capacitance across 
Rl to be Ti, the circuits under discussion may be simplified as shown 
in Figure 208, in which UCcR 2 1 at all frequencies within the band. 
The effect of the tube has been represented by a current generator 
yVgy Y being the transcondunctance from control grid to anode and 
Vg the control-grid l.f. voltage. The voltage ratio g is shown in 
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modulus and phase angle in Figure 209, introducing the abbreviations: 


COu == 


1 

RiCi ' 


0)1 


1 

R 2 C 2 ' 


y = 


a/( 


0)u(J^l 


(VII.1.21a) 


o)u being the upper and o)i the lower angular frequency limit of the 
band under amplification. For television purposes the phase angle 



Fig. 200 Ratio of l.f. output voltage V 2 to input voltage Vg of an amplification 
stage according to Fig. 208 as dependent on ?/, this being the ratio of the operational 
angular frequency w to \/ 

should be proportional to the frequency in the band at issue, which is 
approximately true in Figure 209. By Figures 207-209 it is simple to 
design suitable stages complying with given values of co^ and o)i. The 
distortion in impulse amplification using one and two subsequent ampli- 
fier stages of the type considered, is pictured in Figure 210. Assuming 
the impulse duration to be U, the product o)uti should be large compared 
with unity, e.g., > 100, in order to obtain an undistorted impulse shape 
at the amplifier output. 
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With wide-band amplification, means for extending the amplified 
band width are required in some cases. Some corresponding inter- 
stage coupling networks are shown in Figure 211a, the network I being 
a simplified version of Figure 208, the lower angular frequency w/ being 



Fig. 210 Distortion of an input voltage impulse of exactly rectangular shape and 
duration (diagram a) by an amplification stage according to Fig. 207 is shown in 
diagram b for four ratios of upper to lower border frequencies. Diagram c pertains 
to two equal subsequent amplification stages. Horizontal markings should be wi/i. 

negligible with respect to cou- In Figure 2116 the frequency responses 
of the networks of Figure 211a are shown. Thus the network V has 
a considerably extended response. Subjecting the networks of Figure 
211a to a sudden rise of input current (corresponding to the start of an 
impulse), the resulting output voltage rise is shown in Figure 212. It 
is doubtful, from this Figure 212, if the network V is really better than 
I, considering impulse amplification. Thus improvements in frequency 
response need not necessarily lead to improved impulse response. 

We now come to high-power output stages and their accessories. 
The power tubes of these output stages may be used in three ways, 
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A 



Fig. 211 The five diajijrams of Fig. 211a represent common circuits for l.f. broad- 
band amplification, the entering current supplied by a current generator (arrows) 
being /. The corresponding ratios of output voltag(‘ V to lU (vertical scale, R 
see P'ig. 211a) as dependent on fre(iuency are plotted in Fig. 211/). Both figures 
taken from Philips techn. Lev. July 1941 pp. 196-197, paper by J. Haantjes. 



Fig. 212 If the input current rises abruptly from zero to 1 the ratio of output 
voltage V to IR (vertical scale) is dependent on time t (horizontal scale) as shown 
for the five networks of Fig. 211a (from same source as Fig. 211). 
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indicated as class A, class B and class A/B amplification and pictured 
in Figure 213. If two class B or A/B tubes are applied in a push-pull 
stage, the components of any even multiple of the input frequency 
cancel each other at the output (P'ig. 214). This feature is greatly 





Fkj. 213 Diagrain a: lanoar anodo cairront (vortical scale') versus grid bias (hori- 
zontal scale) curve and alternating grid voltage corresponding to class A amplifica- 
tion. Oiagrain b: Similar to a, but corresponding to class A / Ji. Diagram c: Class R. 


responsible for the application of such stages in order to minimize 
output distortion. Instead of a phase difference of 180 degrees as 
with push-pull stages, we may apply voltages to the input terminals 
of two tubes, having a phase difference of 120 degrees. In this case 
the output current components of 3, 6, 9, • • • times the fundamental 
frequency cancel at the output. This is shown in Figure 215 in the 
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case of the output current component of 3 times the fundamental 
frequency. 

If triodes are used in the power stage, avoiding grid current, the 
relevant data are: top anode voltage Vao and anode resistance Ra. If 
grid current is tolerated, the data are Vao and Ro = 2VaolIa, the value 
la indicating the top anode current at the highest (positive) grid voltage. 



Fig, 214 Push-pull class A/B amplification. The resulting; anode currents are 
pictured in the diagrams at the right. The brokcai curves correspond to a linear 
anode current versus grid bias curve and the full curves to a (juadratic curve. The 
second harmonic anode current component causes an increase at b and a decrease 
at a in the latter case. The resulting second harmonics are counterphase and thus 
cancel each other at the output. 


With pentodes, the relevant data are also Vao and Ro. Three possible 
applications of two output tubes arc shown in Figure 216: one single 
triode (or pentode), two tubes in parallel, and two tubes in push-pull 
connection. The consumer’s resistance is indicated by Ri and its 
equivalent at the primary side of the output transformer by R. Optimal 
output power is obtained if R is matched to the effective output resist- 
ance of the tube combination under optimal conditions of operation, 
EflSciency is the ratio of optimal l.f. output power consumed in Ri 
to the supply power of the anode circuit. The said optimal conditions 
have been compiled in the table below: 
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CIRCUIT 

R 

OUTPUl POWER 

EFFICIENCY 

One triode class A, no grid current 

2Ra 

Vlo/ieRa 

25% 

One pentode class A, no grid current . . . 

Ro 

Vlol2Ro 

60% 

Two triodes parallel class A, no grid 
current 

Ra 

V Qo /SRa 

25% 

Two pentodes class A, parallel 

Roll 

VloIRo 

50% 

Two triodes class A, push-pull 

4Ra 

V'iolSRa 

25% 

Two pentodes class A, push-pull 

2Ro 

VloIRo 

50% 

Two triodes class B, push-pull, no grid 
current 

2Ra 

00 

39% 

Two pentodes class B, push-pull 

Ro 

VloIRo 

78% 

Two triodes class B, push-pull with grid 
current 

Ro 

VloIRo 

78% 

One triode class A with grid curn'nt 

Ro 

Vlol2Ro 

50% 

Two triodes class A, push-pull with grid 
current 

2Ro 

VloIRo 

50% 

Two triodes parallel class A with grid 
current 

Rol2 

VloIRo 

50% 


If push-pull stages are applied, the preceding driver stage must provide 
proper push-pull input voltages for the output stage. In other words, 
it must act as a phase-inverter for one pair of the push-pull tube input 
terminals. Two circuits of this type are shown in Figure 217. In the 
diagram 217(^ the triode I acts as driver for one of the push-pull tubes 
while the triode II acts as a phase inverter. In the diagram 2176 the 
triode T drives the push-pull tube A while the input voltage of the 
push-pull tube B is obtained from the output of A. In some cases a 
space-charge grid tube or a tube incorporating a secondary emission 
electrode have been used as drivers of a push-pull stage. The descrip- 
tion of such stages is, however, outside the scope of this book. 

References: 27, SG, 226, 302, 303, 335, 374, 381. 

VIL1.22. Microphonic and similar effects. As their name indicates, 
microphonic effects are caused by the action of mechanical motion — 
e.g., sound waves — on parts of a receiver, such as condensers, particu- 
larly tuning condensers, coils, tube bases, tube electrodes, transformers, 
resistances, switch gear, parts of the chassis, etc. By the motion of 
such parts small l.f. voltages may be set up at some electrodes of the set. 
Upon amplification these voltages may result in audible or visible 
(television) effects at the set^s output. Mechanical action of this kind 
may be expected especially in sets installed in airplanes, cars, tanks, 
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vessels, etc. Its prevention calls for special constructional measures 
aiming at immunity of the parts mentioned against mechanical action. 
Such immunity may be promoted by rigid construction of the parts 
themselves and by screening from such action by the provision of proper 




Fio. 215 Similarly to Fig, 213a, an anode current versus grid bias curve Oeft) 
causing third harmonic anode-current components resulting from a singly periodic 
input voltage is shown. If two tubes are usefl and the input voltages have a phase 
difference of 120 degrees, as shown in diagrams marked 1 and 2, the resulting output 
current (see diagram 3) is singly periodic, as the third harmonics cancel each other. 

obstacles in its path. As an example we may mention: screening en- 
closures and acoustic insulation — e.g., by interposition of rigid walls 
separated by rubber cushions between the source of mechanical dis- 
turbances and the sensitive parts. 

The effects mentioned may result in electro-acoustic feedback causing 
howling sounds in the loudspeaker of a sound receiver. Such sounds 
will probably be familiar to most users of short-wave sets. Even before 
howling — i.e. electro-acoustic oscillation — Ls started, regenerative electro- 
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acoustic feedback may result in effects somewhat resembling reverbera- 
tion of the sound issuing from the loudspeaker. By resulting high 
l.f. voltage levels non-linear distortion may also be caused at some 
frequencies within the band transmitted. It is obvious that these 





Fig. 216 Three diagrams of output 
stages, a: single tube; h: two tubes 
in parallel; c: two tubes connected in 
push-pull. 


Fig. 217 Upper diagram: Pre-ampli- 
fier of a push-pull stage, the triode II 
acting as a phase reverser with respect 
to I. Lower diagram: Pre-amplifier 
of a push-pull stage, phase reversing 
of the input to the power tube B being 
obtained by deriving a suitable output 
voltage from tube A. 


effects are in most cases undesirable and call for the provision of ap- 
propriate means for their prevention. In order to be able to judge 
the effects of such means quantitatively, a simple experimental proce- 
dure for their determination is needed. The loudspeaker Loui belong- 
ing to the set in question (see Fig. 218) is disconnected from the output 
terminals 1, 2 of the sct^s output stage and is instead connected to a 
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suitable l.f. signal generator SO. The terminals 1, 2 are connected to 
an exactly similar loudspeaker L0U2 placed outside the set and sur- 
rounded by a soundproof box B in such manner that no sound issuing 
from it can reach any part of the set. Then the signal generator S(r 
is operated throughout the frequency range under consideration, the 
resulting input voltage Vi of the set’s loudspeaker Loui being measured 
as dependent on frequency. By microphonic effects of parts in the set, 

a voltage V2 will result at each frequency at 
the terminals of the auxiliary loudspeaker 
L0U2. As long as V2 is smaller in amount 
than Vi no electro-acoustic oscillation or 
howling can occur. If, however, V2 is larger 
in amount than Fi, such howling may occur, 
provided that a proper phase relation exists 
at the corresponding frequency between 
these voltages. As examples some experi- 
mental curves of this kind are shown in 
Figure 219. In the upper diagram the 
voltage V2 is at all frequencies much smaller 
than Fj, and this set is (juite safe as re- 
Fig. 218 Arrangement for gards microphonic howling. But in the lower 

measuring the microphonic diagram the voltage Vj is at some frequen- 
level of a receiver set. Leg- ♦ 1 . , ,, -rr a ^ n 

end; Lou, loudspeaker; SG, ^^an V^. Actually, 

signal generator; li, sound- howling occurred With this set in the viciii- 
proof box containing L0U2. ity of 1600 c/s, as may be expected from 

the curves. Proper measures — i.e., acoustic 
screening of the set’s parts from the sound issuing from the set’s speaker — • 
may be introduced and their effects may then be inspected by repetition 
of the experiment described. 

The parts that are in many cases responsible for the trouble under 
discussion are tubes, especially battery types in which the filaments 
may be susceptible to mechanical oscillation, tuning condensers, and 
iron-core transformers (osillations of plates). Modern tubes have 
been improved by their manufacturers and are in many cases safe, 
except if too large gain is applied subsequent to detection. The present 
trend to decrease the over-all size of tubes and hence also the electrode 
sizes, seems to be favorable as regards microphonic effects, the resonance 
frequencies being increased to higher values at which higher specific 
attenuation will tend to iqake resonances less harniful ipicrophonioally. 
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Besides electro-acoustic regenerative feedback, purely electric 
feedback may also occur at l.f. If part of the output l.f. voltage of a 
set or a stage is fed back to the input of a preceding stage, two cases 
may arise. If the preceding stage is of different frequency of operation 
— e.g., i.f. or h.f. — the feedback voltage arising at its input may cause 
additional modulation of its output signal. If the precedmg stage Ls 



Fir.. 210 volts T"i at the tenninals of Loui of Fig. 21S ami Vo at the termi- 

nals of Louo, as def)en(lent on frequency of modulation of input vsignal. Upper 
picture: Non-inicrophonic set, as I'o is always smaller than V\. Ix)wer picture: 
probable microphonic action jus Fo is sometimes above Vi (r(‘ference 


of equal frequency, tlie feedback in question may cause oscillation as 
soon as the feedback voltage is of equal or larger amount than the 
original input voltage and at the same time of a phase favorable to 
regeneration, l^^ffects of this type have been experienced in many cases, 
both stages in question being often of equal frequency. In some cases 
feedback occurs at extremely low frequencies, causing what is known 
as “motorboating.” By cutting out such low frequencies from the 
band under amplification this effect may be stopped. As a general 
rule the avoidance or decrease of electric coupling between output 



314 


FURTHER STAGES AND OVER-ALL DESIGN 


and input is a remedy against regeneration as considered. Such 
coupling may be due to stray capacitance between the output and 
input terminals in question, to stray mutual inductances, stray coupling 
b 3 ^ the use of common feeder lines and supply units, etc. By proper 
screening, applying screening cans and/or panels and by insertion of 
proper filter networks into the supply lines, such stra^^ coupling may 
be effectively decreased. As an example we assume a l.f. amplifier 
having 1 k ohm resistance at its input and output terminals as well as 
a capacitance of 1 pF between both pairs. At IG kc/s the feedback is 
about 10“^ in voltage ratio. This is equivalent to a gain of about 80 db. 
Hence the over-all amplifier gain, in order to avoid regeneration, may 
not be larger than this value. If the feedback is required to amount 
to less than 10% of over-all voltage amplification, the latter may not 
exceed 1000, corresponding to a gain of GO db. 

References: 13S , 2S0 , 302 , 304 . 

VII.1.23. L.f. Noise output of a receiver. We shall assume that an 
AM signal of modulation coefficient Wa together with random noise of 
uniform distribution throughout the band width 2B are present at the 
entrance of the rectification (second detector) stage. Both signal and 
noise po^ver are assumed to be such that noise contributions due to the 
detector or subseciuent l.f. stages are relatively lu^gligible. In the case 
of an FM receiver we shall a.ssume that FM has b(‘en properly converted 
into AM in a converter stage preceding the detector stage. If nia is 
fixed, we shall first examine the dependence of the output l.f. noise 
ratio on the input carrier voltage, assuming the input noise power to 
be small compared with the input signal power. 

At small values of detector input signal voltage compared with 
Vt = KTc/e (see section VII. 1.11), rectification takes place according 
to a square law, the current through the detector being proportional to 
the square of input voltage. The latter may be written as (see I^q. 
L2.21c): 

To cos (jot -f~ o COS I (ci? “1“ I^)^ “f" 1 "b 

2 '^cV o COS { (co — Q4)t — 4~ COS (o) ”f" wi)f "f* (VII. 1.23a) 

Vn 2 ^^f cos (o) — C 02 )^ 

In this expression the fourth and fifth components of the sum denote 
noise voltages corresponding to a relatively very small frequency 
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interval Af centered round the angular frequencies w + a>i and a? — a?2, 
which are within the band 2B under consideration. Squaring this 
expression, we need only take into account the resulting components 
of frequencies between zero and B. These are: 

2maVl cos {Ui + l?) + 2VoVnl ^ Af cos 0)it + 2VoVn2^ Af cos U)2t, 


Only products of the carrier wave and of the other components of 
Eq. (a) have been taken into account. This implies that rria is not 
too high — e.g., rrin < 0.5 — thus justifying the neglection of pnxiucts of 
side waves and noise and of noise-noise components. The first of these 
three components corresponds to the signal and the latter two to the 
noise. We may conclude that the output noise power of the detector 
is proportional to the input carrier voltage Vo squared, while the output 
noise ratio is expressed by: 


2Vlvl2B _ t^l2B _ 

2rNlVt jfilVl mii\^ 


(VII.1.235) 


vi denoting the m.s. noise voltage amplitude, P^n the input noise power, 
and the input signal power contained in the carrier wave. Thus 
the output noise ratio is 1 nil times the input noi^e ratio if the latter is 
taken relative to th(‘ carrier wave. 

We shall now' examine the rectification of signal and noVe if the 
fonner voltage is large compared with IV = KTc^e^ thus considering 
linear detection. It is simple to show that the output noLse power Is 
in this case ultimately independent of the input signal voltage if the 
latter is large in relation to the r.m.s. input noise voltage. We ma}^ 
here refer to the discussion of linear single side-w'ave detection in section 
VII. 1.11. Each noise component corresponding to a relatively small 
frequency interval Af at the detector input may be regarded as a side 
wave to the carrier. Its corresponding output voltage is thus propor- 
tional to the input voltage and independent of the carrier voltage, w hich 
acts similarly to a local oscillator voltage. The same argument applies 
to the over-all output noise voltage. The dependence of l.f. output 
noise powder on h.f. input carrier pow’cr of a detector stage is thus as 
follow's: proportionality to the input carrier pow'er at small values of 
the latter approaching independence of input carrier power if its value 
is increased steadily. 

In evaluating the ratio of output noise power to output signal power 
wdth linear detection, the simplest assumption implies an ideal detector 
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< 2 ircuit (see Fig. 198) in which |Xtn| ^ Rim Rin = Rx/"^ and thus R 2 ^ 
Ri, The h.f. power delivered by the two side waves of an AM signal 
to the detector circuit is then approximately equal to the l.f. power 
consumed at its output, both being m\y\/2Rx. Under these conditions 
it is reasonable to assume that the l.f. output noise power is approximately 
equal to the h.f. input noise power. Thus the ratio of l.f. output noise 
to signal power is approximately equal to the h.f. input ratio of noise to 
carrier wave power divided by m\. This simple relationship will be 
approached with an ideal detector circuit at increasing values of input 
carrier voltage. An entirely adequate theory of l.f. noise ratio under 
less simple conditions is still somewhat lacking. Experimental evi- 
dence is in support of the said relationship, revealing deviations at 
lower input voltage levels, for which no completely adequate formulas 
have as yet been given. 

References: id/, 289, 302, 391. 


VII.2. F:M Reception 


The frequencies allotted to FM transmission are at present in the 
United States between 88 and lOG mc^s (see end of section 1.2.32). 
Hence FM reception certainly comes into the scope of this book. 

VII.2.1. Principles. The operation of FM receivers involves some 
stages that do not occur with sound or vision reception, and it is to 
these stages that special attention will be given in relation to the prin- 
ciples under discussion. 

VII.2. 11. Conversion and detection. Assuming an input F'M signal 
expressed by (see Eq. l.2.2\d): 


A 


\ Aw . , 

cos + — sin {Ut + 



(Vn.2.11a) 


Aw being the angular frequency swing and the angular frequency of 
modulation. Figure 31 shows that the most important side waves of 
the infinite number corresponding to the spectral representation of 
this FM signal are contained within a frequency band of width Aw/tt 
centered round the carrier frequency w/27r. If the modulation fre- 
quencies correspond to sound, f2/27r may be up to, say, 15 kc/s. As 
will be shown later, a relatively large value of Aw is favorable to the 
final quality of reception. A useful value is Aw = 27r X 75 kc/s. The 
total required band width would then be somewhat larger than 150 
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kc/s and all the stages, including the antenna and transmission line, 
up to the first l.f. stage have to be designed in compliance with this 
band width. As pure FM is assumed, the magnitude of the instantane- 
ous h.f. amplitude vector is independent of time (see Fig. 29). Such 
a signal cannot be directly detected by a linear or a quadratic detector 
(sec section VII. 1.1), as these devices act on differences in amplitude. 
Hence the FM must be converted into AM before such detection can 
be achieved. The corresponding converter stage has not been con- 
sidei'ed in this sense before, but W3 shall show that the circuit of Figure 
181 may be applied for the present purpose if the resonant circuits are 
tuned to freciuencies, distant slightly more than Acc/2w on each side 
from the intermediate carrier frequency In this case the result- 

ing detect(‘d l.f. voltage F^i is shown in Figure 185. Obviously the 
FM is converted into AM and properly detected thereafter b}^ this 
circuit. Different circuits have also been proposed for the present 
purpose, but the one of Figure 181 is adequate. The sequence of 
stages tluis far discussed is hence: h.f. amplifier stage (may be left out), 
mi.\er stage, i.f. amplifier stage (.s), converter-detector stage of Figure 
184, l.f. stages, loudspeaker. 

Considering the convert eiMkd.ector stage of Figure 184 in greater 
detail, it is seen that an ai)i)r()ximately linear dependence of the detected 
output voltag(' on the frequency dkTerence A/ from the carrier frequency 
a;, 2-k (Fig. 185) recjuires the resonant frecjuencies of the two tank 
circuits of Figure 181 to be sufficiently removed from the latter fre- 
quency. If Ao? 2ir is the fre(|uency swing, the.se resonant frequencies 
may be situated at a distance Aw/V on either side of the carrier fre- 
quency. The values Qx and Qi belonging to the two resonant circuits 
may be chosen to be both eipial to a;j^2Aco corresponding to the said 
distance of the re.sonant frequencies from the carrier frequency. The 
capacitances V and ( ^ may also be chosen to be equal, both being 
subject to the conditions: coiiRi + /^o)^ ^ 1 and ^l{Ri + /fo) X 
C <C 1. In a practical case (see section VII.2.2), when a?, = 27r X 
2.1 mc/s, the values of (7 and Ca may both be 50 pF while Ri and i ?2 
may both be 100 k ohms. 

Refekences: 7, 314 - 

VII.2.12. Noise figure of a FM receiver. It is important to be aware 
of the fact that the converter-detector circuit described in the preceding 
section VII. 2. 11 is insensitive to a pure AM input signal. The carrier 
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frequency of such an AM signal remains unaltered while its amplitude 
varies in accordance with the AM in question. Hence Af in Figure 185 
remains zero and so does the detected voltage For simplicity we 
assume the entire noise of the receiver to be issuing from a noise source 
at its entrance. Instead of a continuous noise spectrum we shall first 
discuss the disturbance caused by a single-frequency disturbing signal 
adjacent to the unmodulated carrier wave, the latter being A cos coit 
and the former Ad cos { (coj + o)d)i + t?} at the entrance terminals of 

tiie converternletector circuit of I'ig- 
ures 184 185. Using the vectorial 
representation of Figures 27-28, the 
sum of these two signals is shown 
in Figure 220. From this picture 
we may conclude that the resulting 
wave is of tlie type indicated in 
section 1.2.22 by the term ^‘mixed 
modulation.” If Au is small com- 
pared with .1 , the phase angle <i> of 
the carrier wav(‘ vector (Fig. 220) 
varies ap]>r()xima,t(.‘ly according to 
(t> ~ Ai sin {u)dt + A I being th(‘ 
ratio Afi/A. Hence the h'M im- 
parted to the carrier wave by the di'>turl)ancc in (piestam is dcp/clt — 
wdAi cos {ojdt + t?). Tiie AAI of the carrier wave caused by the dis- 
turbance may be disregarded, as it does not result in a corresponding 
output voltage of the converter-detector. From Figure 1S5 we may 
conclude that the detected voltage Ls proportional to The final 

band width of the receiver is ^/2t, if il denotes the highest angular 
modulation frequency under discussion. Thus we are interested in 
angular frequencies cjd ranging from zero up k) 12. Assuming the 
relevant proportionality factor mentioncMl to be q, the power of the 
disturbing signal to be detected i>: q^JfiAi. Now the phase angle t? 
included in the above representation of the di.stur})ing signal has a 
random character if the disturbance is due to fluctuation noise, the 
angular frequencies then being uniformly distributed over the range 
from zero to 12. Thus the noise power to be detected is: 



Ad 



Fig. 220 A carrier wavi'of nrnplitude 
A and angular frequency au modulated 
by a single side wave of amplitude Ad- 
If Ad is small compared to .1 , the result 
is almost pure I'M. 
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If a pure FM signal of swing Aco is present at the receiver’s entrance, its 
power to be detected, on the same basis as the above noise, is expressed 
by: q^{Ao))^, Hence the relevant noise to signal ratio at the con- 
verter’s input becomes: 

3 \ 27r / \Aa;/ 

The expression {A\9)/2ir repn^scnts the comparable ratio at the entrance 
of an AM receiver of effective band width 9,^2tv. Thus the ratio of 
the noise figure of a FA I receiver of angular swing Aco and top angular 
modulation frefiiiency f2 to the noise figure of an AJVI receiver cor- 
responding to the same modulation is: 



(VIL2.12a) 


This ratio of the tw’o comparable* noise figures may obviously be reduced 
by reducing the ratio 12 Aw. Unfortunately, the effective band wddth 
necessary for the FAI r('c(‘iver is about Aw tt and thu^ a reduction of 
the ratio automatically implies an increase of this band wddth, as 12 is 
fi\(‘d by the nature of the* transmitted information (e.g , sound). A 
useful proportion is 12 Aw == tu to thus causing a reduction in noise 
iigure betw’een 0.01 and 0.01 of the comparable value with an AAI 
r(H‘eiver. 

In the above reasoning Die disturbing signal and later the noise w^ere 
superimposed on an unmodulated signal. If they are, howwer, added 
to a pure FM signal, an additional noise term crops up at detection 
using the dc'vice of the preceding section YH.2.11. This additional 
tenn results from the AAI of the desired signal caused b}" the disturbance 
in conjunction with the corresponding FM. At the start of the present 
section we have mentioned that pure AAI does not affect the converter- 
detector circuit under consi(k*ration, but the presence of such AAI 
completely correlated to a (‘orresponding FM docs cause an output 
voltage of the circuit. This effective combination of AM and FAI 
occurs only if the desired signal (‘arries FM, and in that case the cor- 
responding noise powTr to lie detected on the same basis as the ex* 
pression above is (f{A(jo)^/2. Thus the ratio of noise figures as ex- 
pressed by Eq. (a) must in this case be altered into: 


jvFAf _ I e 

sVaJ ■^2* 


(VII.2.126) 
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The reckiction in noise figure to be effected by a suitable choice of the 
ratio ^2 'Auj seems hence to be rather limited, as th(' resulting noLse 
figire of a FM receiver would, in the most favorable case, be half of 
tiiai ui a comparable AM receiver. 

Rf.flrevces: 77, jlOo, 314, 399, 

VII.2.13. Noise reduction. A reduction of the ratio of Eq. (¥11.2.126) 
may be effected in two different wa 3 ^s. In the first i:)lace, we may 
eliminate the AM (see Fig. 220) responsible for the second and largest 
noise figure contribution in that equation. This elimination of AM 
may be achieved by a .stage known as a ^^limiter.'^ In this stage the 
output voltage is of approximately unvariable level as soon as the 



Fig. 221 Intermediate frequency stage IF 
and subs(‘quent limiter stage Lim of a FM re- 
ceiver, the next stage being a converter-detector. 
The resonant circuits AT anil AT are coupled. 


Fk. 222 Output voltage 
of a lnnit(‘r ac(‘ording to 
Fig 221 as (h'pendi'iit on 
its input voltage. 


input voltage exceeds a definite amount. A suitable circuit effecting 
such limiter action is shown in Figure 221. By the Icvakagf' resistance 
R and bypass capacitance C, satisfying the condition: WiR('^\, a 
negative bias voltage is applied to the control grid of the pcuitoch* marked 
Lira, increa.sing at increasing input voltage amplitudes. Thus the 
corresponding transcondu(‘tance and stage gain are effect ividy dcau'eased 
at in(*reasing input voltage levels and th(' output voltage rcmiains at 
an approximately constant level if the input voltage amplitude exet'eds 
a minimum value. A corresponding curve is shown in Figure 222. 
If this limiter stage is inserted before the converter-detector of Figure 
181 the noise figure of the FM receiver corresponds substantially to 
Eq. (VII. 2. 12a), thus eliminating the term ^ of F]q. (VII. 2. 126). 

The second means of achieving the same objective consists in the 
application of a suitable feedback. This feedback differs from the 
usual feedback affecting amplitude levels in a similar way as FM differs 
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from AM. It is effective through a variation of frequency of the local 
oscillator stage which is proportional to the frequency swing of the 
signal at the input of the converter-detector stage. With a FM input 
signal of angular carrier frc(|uency w modulated by a frequency swing 
Aw; the local oscillator Is assumed to be of angular frequency wiin 
a frequency swing Thus the i.f. signal is of angular frequency 

oji = CO -* coo.se and of frequency swing Aco — Acoosc- The detected 
signal is then of amplitude proportional to Aco — Aco^sc, and this is 
assumed to be equal to the oscillator's swing Aco^sc divided by a multiplier 
a. Hence: 

a 

= - — ; — 

1 -j- a 


and the detected signal amplitude becomes proportional to: 


Aco 




Aco 

1 + a 


(VII.2.13a) 


If a is given a large value compared with unity, the oscillator swing 
Awosr tends to become independent of a, wiiile the detector’s output 
voltage is divided by 1 + a ~ a according to Eq. (a). Referring to 
the argument preceding Eq. (VH,2.126), w^e obtain a noise powTr cor- 
responding to combined and correlated AM and FM of g^(Aco)“/ 
2(1 + a)“ instead of r/^(Aco)“/2. Hence Eq. (VII. 2. 126) must in the 
present case be replaced by: 


_ 1 / n Y 1 
V4.W sVaJ ■^2(1 +a)^ 


(VII.2.136) 


By a proper choice of frequency feedback the second term may thus 
be reduced until it becomes inappreciable and w^e fall back sub -^t antially 
upon Ecj. (\TL2.12a). By the feedback in question the detected 
voltage becomes approximately independent of the input signal ampli- 
tude and lunice the influence of fading on FM reception is also effec- 
tively reduced. A similar effect is obtained by the limiter stage, pro- 
vided that its input, signal exceeds a minimum level. 

References: 7, /IP, 62, 105, 399. 


VIL2.2. Operation. In the present section the operation of FM 
re(*eivers based on the principles discussed in section ¥11.2,1 wdll be 
considered in some detail. 




imcroiiiicruiaratlb. 
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VII.2.21. Example and tests of a FM receiver. A complete FM 
receiver diagram including a limiter stage is shown in Figure 223. The 
entrance tube is a multi-grid mixer of the self-oscillating type (tube 
type 6SA7). The oscillator circuit is connected to the cathode and 
to the adjacent control grid, the subsequent screen grid being grounded. 
The input voltage is active between the screen and the subsequent 
second control grid, while a second screen connected to the first one, a 
grounded suppressor grid, and an 
anode complete the sequence of 7 
tube electrodes. With the present 
receiver the input carrier freciuency 
is about 40 me/s while the i.f. is 
2.1 mc/s. The mixer stage is suc- 
ceeded by two i.f. amplifier stages 
(tubes 1852), interconueeted by 
three sets of two coupled resonant 
circuits each. The band width 
corresponding to these' i.f. stages is 
variable in order to accommodate 
different frequency swings between 
15 and 75 kc/s. The next stage is 
a limiter (tube GSJ7) correspond- 
ing to the diagram of Figure 221. 

Then comes the convert er-d(‘tect.or 
stage corresponding to Figure 181, 
with the addition of a choke coil of 
5 m henry, intended to reduce the 
damping of the coupled resonant circuits by the detector diodes (tube 
GI16), having separate cathodes. Subsequent to this converter- 
detector stage are a I.f. am]:)lifier (tube GSF5) and output stage (tube 
GFG(';). 

Some tests w^ere carrii'd out using this receiver. In the first place 
some selectivity curves (unmodulated input signal voltage causing a 
fixed output voltage of the final i.f. stage, on a relative logar scale, 
vemus input signal frecpicncy) are shown in Figure 224. The curves 
marked I, II, III, and IV correspond to frecpiency swings of 15, 30, 
60 and 75 kc/s. Using undistortol FM signals at the receiver’s input, 
the I.f. output power contained less than distortion at all band- 
width settings cited. The I.f. ouput power versus fre(|uoncy curve Ls 



Fig. 221 Selectivity curves of the 
set of Fig. 223. Wrtical scale: Re- 
quired uuinodulattHl ini)ut signal volt- 
age for obtaining a definite fixed out- 
put level of the last i.f. stage (a.v.c. 
out of action) as dependent on fre- 
quency deviation from center position 
(expressed in kc s). Curves I, II, 
111, aud IV correspond to settings of 
15,30,00, and 75 kc/s frequency swing. 
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flat within 6 db between 50 and 10^ c/s. Frequency drift of the local 
oscillator was about 20 kc/s during an observation of 40 minutes after 
switching the receiver on. At an i.f. band width corresponding to a 
swing of 15 kc/s the set could be operated as an AM receiver by putting 
the converter-detector stage out of action and using the 6SJ7 tube as 
a grid detector (see section VIL1.13). Thus a comparison between 

AM and FJM receiver performance 
could readily be obtained. 

In order to check the noise re- 
duction obtained by the application 
of FM, a noise source was used con- 
sisting of a three-stage amplifier of 
carrier frequency equal to the i.f. of 
the FM receiver (2.1 mc/s). By 
gain control of this amplifier its 
output noise could be varied. The 
output terminals of this noise source 
were connected to the input termi- 
nals of the first i.f. stage of the FM 
receiver. By comparison of its re- 
sulting detected grid current at the 
limiter stage with that caused by an 
input carrier wave of known strength 
at the receiver’s input terminals, 
the equivalent r.m.s. noise voltage 
at these input terminals could be 
determined. Now the I.f. noise 
ratios at the receiver’s output at 
different frequency swings (15, 30, 60, and 75 kc/s) of the FM input 
signals were measured and the curves of Figure 225 obtained. Its 
vertical scale corresponds to the inverse output noise ratio and its 
horizontal scale to the ratio of r.m.s. input signal voltage to equivalent 
input noise voltage. From this Figure 225 we may conclude tliat the 
reduction of noise ratio predicted by the arguments of the preceding 
section VII. 2.1 is entirely confirmed by experiment, the output noise 
ratio being inversely proportional to the square of the frequency swing 
Aw. At 75 kc/s frequency swing the r.m.s. input signal at AM must 
be 40 times the value at FM by Figure 225. With the set of Figure 223, 
a I.f. output of 50 m watts may be obtained at about 10 microv. r.m.s. 



Fia. 225 Vertical scale: Ratio of 
signal sound output to noise output 
powers expressed in db. Horizontal 
scale: Ratio of input signal voltage to 
equivalent input noise voltage. Curves 
I, II, III, IV correspond to frequency 
swings of 15, 30, 00, and 75 kc/s. 
Curve A corresponds to an AM signal 
supplied to the same receiver, making 
suitable adjustments. 
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input signal voltage. At this input signal level the output noise ratio 
is still of such low value as not to impair reception, which is in most 
cases not true with AM sets of similar sensitivity. 

Besides spontaneous fluctuation noise, disturbances by impulsive 
noise (e.g., atmospheric or man-made noise) and by interfering stations 
must also be accounted for. Corresponding tests have shown that a 
noise reduction similar to that of Figure 225 may be obtained if the 
input noise power issuing from any source is more than about 6 db 
below the input signal power. With spontaneous fluctuation noise 
the ratio of top square to m.s. values may be assumed at about 13 db. 
With singly periodic signals this ratio is about 3 db. Hence, if the 
m.s. noise power at the receiver input is about 10 db below the m.s. 
signal power, the noise tops will be of about ccpial power as the signal. 
The full noise reduction expressed by Eq. (VI 1.2. 12^0 may be obtained 
if the mean input noise power is about 16 db or more below the mean 
input signal power. The power contained in sharply peaked impulses 
is proportional to the square of the elTective band width rather than 
to the band width itself. Hence smaller values of impulse noise power 
per c/s are needed to reach the above limit than with uniform fluctuation 
noise. In the case of extremely strong spaced impulses, reception is 
practically interrupted during short time intervals due to the action 
of the limiter stage. Signal reception is also interrupted during such 
intervals, but the resulting effect at the loudspeaker is often less dis- 
turbing with FM than with AM reception. 

By the noise-reducing qualities of FM reception the surface area 
round a transmitting station in which tolerable conditions of reception 
prevail, taking account of interfering stations and noise, is larger at 
a given value of transmitting power in the case of FM than with AM 
broadcasting. Hence, if a network of transmitters covering a given 
area Ls contemplated, FM is preferable from this point of view. 

References: 74, 75 , 115 , 179 , 230 , 259 , 

Vn.2.22. Distortion and receiver design. We shall first examine the 
distortion of FM signals due to the mixer and i.f. stages preceding the 
limiter and converter-detector stages. The distortion effects caused 
by these stages with AM have been dealt with in sections VI. 1.42 and 
VI. 2. 13. All of these effects are related directly to the curvature of 
anode current versus grid bias curves of the tubes in question. By 
these curvatures the anode current contains components proportional 
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to the second, third, • • *, etc., powers of the input grid signal, the 
latter being Vo cos + m sin + ^)1. Examining powers of this 
expression, it is obvious that anode current components are created 
which are proportional to the expression itself, to cos {2cvl + 2m X 
sin (^it + <p)}, to cos {3co^ + 3m sin + v?) } , etc. But of these expres- 
sions only the first one is passed by the h.f. and i.f. circuits preceding 
and interconnecting the stages in (luestion, while the other ones are 
suppressed and do not play any further part in the reception process. 
The amplitude of the first expression above is altered by the curvatures 
under consideration, but this amplitude does not play any essential 
part due to the effect of the limiter stage (or to the frequency feedback 
if no limiter is applied). Hence we may conclude that curvatures of 
mixer and i.f. tube anode current curves do not cause distortions with 
FM reception. In a similar way the conclusion may be reached that 
cross-modulation in the case of two adjacent input FM signals due to 
tube curvature effects is also absent. Interference effects may arise 
from two FM input signals of angular carrier fn'quencies coi and co 2 if 
for instance giooi ± < 72^2 ~ ^ 1 , ^i-nd g 2 being integral numbers. These 
interference effects are somewhat similar to those discussed in the case 
of mixer stages in section VI. 2. 13. 

Besides the tubes, we have to discuss effects caused by the h.f. and 
i.f. resonant circuits. It is known that these circuits do not in general 
pass all frequency components of a FM signal uniformly. We have 
discussed the effc'ct of sucli mutilations of FM signals in section 1.2.21 
in connection with Figures 30 and 31. It was shown that serious 
distortion of the signals may result from too narrow band widths of 
the h.f. and i.f. circuits. Tlic following table gives a condensed picture 


skjnal: 


] 


FM 

Resonant, eireuits cause: 



1 no (listoi tion 

distortion 

Tube curvatures cause: . . . 



distortion 

no distortion 


of the distortion effects involved in mixer and i.f. stages with AM and 
FM signals. The band width of interstage circuits of FM receivers 
should be such that practically all relevant components of the FM 
frequency spectrum (sec Fig. 31) are passed uniformly. The corre- 
sponding band widths are larger than twice the frequency swing Aw/27r. 

In the design of FM receivers we may start from the input signal 
voltage required at the limiter stage, assuming this stage to be present 
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instead of the more expensive frequency feedback circuit. This input 
voltage must be well above the minimum value at which limiter action 
starts (see Fig. 222). In a number of practi(;al cases this required 
level may be assumed at about 5 volts. If this voltage corresponds to 
an input signal voltage at the receiver entrance of 10 microvolts, we 
must achieve a voltage gain of 5 X 10^. The interstage i.f. coupling 
circuits may be assumed to have nisonant impedances of about 15 k 
ohms at 150 kc/s band width. If pentodes of, say, 9 m mhos trans- 
conductance are applied, voltage gain per i.f. stage works out at 135, 
while the voltage gain of the mixar stage may be estimated at 10. 
Thus one mixer and two successive i.f. stages would be required pre- 
ceding the limiter stage in order to fit the assumed figures, if a further 
voltage gain of about 3 is obtained by the h.l. circuit preceding the 
mixer stage. The selectivity of the i.f. circuits may be somewhat less 
than in comparable AM n^ceivers due to the effective suppression of 
spurious signals and noise by the FM reception process. Frequency 
drift of the local oscillator should be limited by suitable design (see 
section VL2.33) to such figun^s that no serious distortion results from 
the ensuing non-uniform amplification due to the i.f. interstage circuits. 

References: 58, 76, 115, 176, 385, 387. 

VII.3. Impulse and single side-band reception. We shall now deal 
with the reception of IM (see section 1.2.3) and of single side-band 
signals. 

VII.3.1. Impulse reception. Im])uise reception is applied in telegraph 
and other communication systems and in radar. The principles in- 
volved as well as the operation of corresponding receivers will be dealt 
with briefly. 

VII.3.11. Impulse receivers. The impulses used in telegraph com- 
munication (with the original Morse system as well as with more 
modern systems) are of different lengths at different interspaces or of 
equal lengths at different intcTspaces. In all these cases the relation 
between the minimum impulse duration U and the band width is fixed 
by the argument of section 1. 2.3 1. This holds in the cases of input 
as well as of intermediate carrier frequencies. Subsc^quent to rectifica- 
tion (second detection) the individual pulse pattern must be passed 
and amplified by the I.f. stages. The corresponding relation between 
the upper angular frequency of these stages and the minimum impulse 
duration U has been discussed in section VI 1. 1.21 in connection with 
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Figure 210. For telegraphic purposes the shape of the impulses passed 
by the l.f. stages need not satisfy such rigid requirements as for other 
purposes. Hence a value of, say, o^uU ^ 5 may be adequate in the 
present case (see Fig. 210). This reasoning at once fixes also the 
values of resistance Ri and bypass capacitance Ci of the rectification 
stage, the required conditions being is the angular i.f.): coj72iCi 1 

and QRiCi 1 (see Fig. 197). 

An over-all diagram for tele- 
graph reception is shown in Fig- 
ure 226. The signal issuing from 
the antenna terminals is ampli- 
fied and mixed in the stages in- 
dicated by HF and ilf, subse- 
quently passing through the i.f. 
stages indicated by IF, A second 
local oscillator Oi of frequency 
differing only slightly from the 
i.f. — e.g., by about 1000 c/s — is 
shown in Figure 220 and is used 
in the case of aural reception. 
By this second local oscillator Oi 
and the i.f. impulses at the input 
of the rectification stage, the rev 
suiting output sound issuing from 
the loudspeaker consists of a tone frequency, interrupted corresponding 
to the impulse shapes. If no sound reception is desired, the oscillator 
Oi may be omitted and the I.f. impulses may then be used to activate 
suitable relays (indicated by R in Fig. 226). Subsequent to rectification 
an a.v.c. as well as an a.f.c. circuit are shown in Figure 226, the design 
of which will be discussed in section YII.4 (see also Figures 184-185). 

As a second example of impulse reception an input signal of pulse- 
frequency modulation according to section 1.2 will be considered. The 
individual impulses arc of equal duration, but their number per unit 
of time is varied according to the requirements of modulation. Indi- 
cating the instantaneous number of pulses per second by q, a singly 
periodic modulation of angular frequency would correspond to a 
variation of q according to g = (/o{l + 'f^p cos (Q^ + (^)j, nip being 
the coefficient of pulse modulation. Upon h.f. amplification, mixing, 
and i.f. amplification, the h.f. and i.f. angular carrier frequencies being 


AVC 



Fig. 220 Schematic clia 2 ;ram of a t(‘U^ 
graph receiver. Lewiid: A, antenna; 
HFMj higli frequency and mixer stages; 
/F, intermediate frequency stages; DLF, 
detector and low frequency stages; LR, 
loudspeaker and relay equipment; AV(\ 
automatic volume control; A FG, automatic 
frequency control; 0, oscillator of mixer 
M] 0\, beat frequency oscillator. 
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CO and cot respectively, the signal is passed on to the input of a rectifica- 
tion stage in which demodulation is to be obtained. The band width 
of the h.f. and i.f. stages is approximately B ~ a/U, U being the duration 
of individual impulses and a a figure between, say, 1.5 and 5, the larger 
figures corresponding to a more accurate reproduction of the pulse 
shape at the detector input terminals. The av^crage number of 
pulses per second is assumed to be much lower than coi/27r and much 
higher than i]/27r, if 9. is the highest angular modulation frequency 
under consideration (e.g., 27r X 10,000 c/s). Thus, if is 207r mc/s, qo 
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Fig. 227 Three-channel i)ulse ])ositi()n modulation. Diap:ram a: Marker pulses; 
diagrams 6, c, and d: modulation channels with indications (dotted) of pulse position 
swings; diagram e: sum of previous diagrams. 


might be 0.1 mc/s. The leakage resistance R\ and bypass capacitance 
Cl (see Fig. 197) of the rectification stage are reciuired to satisfy the 
conditions: co/fiCi ^ 1, 2TTqaR\C\ ^ 1, ilRiC\ 1. Under these con- 
ditions the instantaneous number of pulses per second arriving at the 
detector input is proportional to the corresponding I.f. detector output 
voltage, which thus offers a correct replica of the I.f. modulation imparted 
to the signal waves. This simple system may under certain conditions 
be applied to obtain a reduction of output noise ratio similar to that 
corresponding to FM. We shall go into this application in the suc- 
ceeding section VII.3.12. 

Only a single modulation channel of angular frequency-width Q may 
be applied in the case discussed above. In order to modulate the 
impulse carrier with more than one signal, a slightly more complicated 
sequence of impulses must be applied, incorporating so-called marker 
or synchronizing pulses. An example of three modulation channels 
is shown in Figure 227. The upper diagram a contains the marker 
pulses, which are of somewhat larger width or duration than the signal 
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pukes. The diagrams 6, c, and d each contain a set of signal pulses 
(full contours), the location of which with respect to the marker pulses 
may be varied within the limits indicated by the broken contours. 
A displacement of a sequence of signal pulses to the left of the mean 
or average positions shown in full contours corresponds to a variation 
or modulation of opposite sign compared with a displacement to the 
right. The three sequences of signal pulses are superimposed on the 
sequence {)f marker pulses in the diagram c of Figure 227, the full con- 
tours of which thus correspond to the input signal if all three channels 
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Fig. 228 Detection of one channol in piilse-posit ion modulation. Differences 

in pulse-position are transferred to coiTesjxmdinjj; (hlh'rences in width of output 
pulses, as indicated by /i, / 2 , hy etc., by suitable trij^ger devices. 


arc of zero instantaneous modulation. The d('tection and demodula- 
tion of impulse signals of this type (sometimes indicated as “pulse- 
time” modulated signals) is slightly more involved than was explained 
above in the case of a single modulation channel without marker pulses. 
We shall first discuss a method suitable for the demodulation of one 
single channel of the marker type. A particular modulation pattern 
is shown in Figure 228. The time intervals ti, ^ 2 , and [4 correspond 
to the instantaneous values of modulation. Now if we consider the 
modulation corresponding to the distances x of P'igure 228a, it is seen 
that the modulation corresponding to the complementary distances y 
is exactly equal but of oi)posite phase. Thus the application of a simple 
low-pass filter circuit (o.g., /?i, C\ circuit of a detector stage) cannot 
bring about the desired demodulation, as the two modulations of op- 
posite phase cancel and the ‘ resulting detector output would be zero. 
If a suitable trigger tube device is applied, a sudden change of bias 
voltage of an amplifier tube may be brought about by each successive 
pulse. Thus at a marker pulse the bias may be made less negative, 
changing to a more negative value at the subsequent signal pulse, etc. 
The resulting anode current of the l.f. amplifier tube is shown in Figure 
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2286, the i.f. having been filtered out by a suitable low-pass resistance- 
capacitance filter preceding the input of the trigger circuit. The width 
of the anode d. current pulses obviously varies in accordance with the 
signal modulation, and these pulses may be properly detected using 
a suitable detector circuit, the values Ri and of which satisfy the 
conditions: o^tKiCi ^ 1, 27rqoRiCi ^ 1, ilRiCi <$: 1, go being the average 
pulse frequency and Q the upper angular freciuency limit of modulation. 

With multiple-channel modulation, slightly more intricu-le devices 
are required, including a separation device^ for the individual modulation 
channels. Such separation may, .or iii'-tance, be brought about by 
the use of three I.f. channels, one corrr spending to each modulation 
channel, each sensitized by a trigger cir(*iiit which is synchronized by 
the marker pulses, dims at each marker a suitable capacitance may 
be charged and subsequently discharged through a suitable resistance. 
At three different successive voltage levels across this resistance one 
of the three I.f. channels is sensitized by means of a suitable trigger 
device. As soon as the proper pulse of the channel at issue has passed, 
the channel in (luestion is desensitized similarly to the procedure des- 
cribed above in connection with a single channel with markers. Upon 
separation each channel may further be treated in a similar manner as 
was explained above in connection with a single channel. At a carrier 
frequency of 1200 mc/s a twelve-channel system of this kind has been 
operated successfully. 

All the above cases correspond to pulse-time or pulse-frequency 
modulation. Besides this, impulse-amplitude and impulse-duration 
have also been successfully applied as means for obtaining signal modula- 
tion. The discussion of these systems is, however, thought to be outside 
the scope of this book. 

References: 84, ISS, 229, 267. 296, 378, 


VII.3.12. Noise reduction with impulse-frequency modulation. 

Several systems have been devised for the application of IM for the 
purposes of noise reduction. A simple system of this kind will be 
discussed in connection with a single-channel IM signal as considered 
at the start of the preceding section VH.3.11. Instead of the method 
of demodulation and detection discussed in that section, we shall now 
assume that a threshold is created in a stage subsequent to the normal 
i.f. stages, e.g., by application of a suitable bias voltage. A suitable 
filter circuit is interposed between the last i.f. stage and the threshold 
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stage, passing the individual impulses undistortedly but not the i.f. 
carrier frequency co^727^. As soon as an impulse voltage of the received 
signal exceeds a definite threshold value corresponding to the said bias 
voltage, it is passed and activates a trigger tube, e.g., of the well-known 
thyratron type. The current passed by this trigger tube is used for 
charging a suitable capacitance Ci, subsequently discharging through 
a resistance /?i such that ^ 1 and 2TrqC\R\ ^ 1. The output 

voltage of this trigger or demodulator stage is then proportional to the 
instantaneous number q of impulses per second contained in the input 
signal. Demodulation is thus effectively carried out by a counting 
process indicating the number q. The output noise results mainly 
from the rises of level of the individual pulses taking place with random 
variations, causing random variations of the number q as counted and 
hen(;e also random fluctuations of the output I.f. voltage. The output 
noise power is thus proportional to {q — g)^, being the m.s. value of 
the instantaneous fluctuation of pulse frequency q. The output signal 
power is, under the above conditions, proportional to (g)", l)eing the 
square of the average frequency g, the proportionality factor being 
the same as for the noise output power. Hence the output noise ratio 
is: 

{q ~ q? _ 1 ^ 

(qf toQ ’ 

to being the period of modulation: t„ = 27r/Q, while (q — q)~t^ has been 
equated to qfoy assuming the spontaneous fluctuations at issue to be 
uncorrelated. In a comparable case of AM, in which the peak values 
of the individual pulses (of duration each) are modulated and not 
their spacing, the output noise power may be assumed to have a similar 
value as in the above case, the fluctuations of amplitude in the present 
case being proportional to the fluctuations in rise and fall of the pulses 
in the j previous one. The output signal is, on the other hand, not 
proportional to qto but to qU in the present case. Thus we obtain a 
noise ratio: 

i. 

Cp iqti)^ 

the proportionality multiplier Cp being of the order of magnitude of 
unity while its exact value does not matter in our present reasoning. 
From the above two expressions we directly obtain the ratio of noise 
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figure Njm at IM of the type considered to the comparable noise 
figure at AM as stated : 


^ AM 



(VII.3.12a) 


il. being the highest angular freciuency of modulation and B the band 
width eciuivalcnt to the IM in question. This expression a is very 
similar to Ecp (VII. 2. 12a) in the case of FM. It is seen that a consider- 
able reduction of noise figure ma}^ be o])tained by the application of 
IM as described, a reduction entirely comparable to that obtained by 
the prop(U‘ application of FM. This comparison may even be applied 
in detail, the jmesent valiui 2tB being equivalent to the angular fre- 
quency sweep 2Ao) in the case of FM. In both cases the reduction 
of noise figure is proportional to the sejuare of the ratio of the modula- 
tion freciuency to the applied band width. 

VII.3.13. Radar. In bri(d, radar may be described as a system 
according to which a beamed impulse is transmitted, reflected by an 
object to be explored, the reflected impulse then being received. The 
time lapse necessary for the impulse to travel toward the object and 
back to the radar apparatus is measured and thus the location of the 
object is determined from the direction of the primary beam and the 
time interval. A simple argument may reveal the relation between 
transmitting power, receiver noise figure, distance to the object, and 
its radar coefficient (see section 1.1.24). Assuming the transmitter 
power fed into the antenna to be Pty the gain compared with a dipole 
of the transmitting antenna to be g, the distance of the object from the 
transmitter to be r, the specific power Pa at the object will be: 

= (VII.3.13a) 


If the object has a radar coefficient O (see section 1.1.24), the specific 
power Tpr caused by reflection at the receiver (assumed to be coincident 
with the transmitter) is: 



3 OPtq 

2 IGrr^ 


3 

2 


Ptg, 


So being the interception area of the obstacle and F its effective co- 
efficient of reflection. Assuming the effective reception area of the 
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combined transmission-reception antenna to be Sej the available recep- 
tion power is: Pr — SeVrj or: 


Pr 


3 F^So 
2 


SegPt- 


(VIL3.136) 


Equating this available reception power Pr to the minimum value 
Pmin necessary to insure proper reception, we may obtain the maximum 
distance Tmax between radar apparatus and object, at which an object 
can be spotted : 


^'max 



gS(>F So 
(dTT)^ ' 


(VI 1.3.13c) 


The gain g of the combined radar antenna bears a simple relationship 
to its effective area S^y according to Eq. (111.1.13d). Inserting this 
into Eq. (c) we obtain a slightly modified equation for the maximum 
distance r^ax* 


,.4 _ 


Pt ^‘fF^S 


^ min 47rX 


(VII.3.13d) 


X being the wavelength under application. Thus, with fixed values 
of transmission and reception power as well as of antenna and object, 
the maximum distance increases at decreasing wavelength. This 
relationship is, however, modified, if a fixed beam width is applied. 
With a circular reflector antenna the beam angle \l/ between the ad- 
jacent half-power points is approximately (see sections III. 3. 22 and 
III.2.21): 




X“7r 




Hence, if \l/ is fixed, the maximum distance rmax becomes: 


T'max 



F'^SqttX^ 


(VII.3.13C) 


Under these conditions the maximum distance increases if the wave- 
length is increased. But, if X^ is increased in the present case, the 
effective surface area of the radar antenna is increased proportionally 
and hence the apparatus at issue becomes more expensive. 

We shall now consider the application of radar impulses of duration 
ti at which the necessary band width B is approximately l/ti == B, 
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The minimum available reception power Pmin may be written as Pmin = 
NKTBj N being the receiver's noise figure. Thus we obtain from 
Eq. (d): 


^max — 


,j Pik 

\NKT 


Ptk SiF^So 


NKT 47rX'' 


(VII. 3 , 13 ;) 


This equation is suitable for the discussion of various special cases. 
As an example we shall consider the reiflection of radar waves by the 
moon’s surface, as practically accom- 
plished in the first months of 1946. 

Assuming the ratio to be 25 

and iSc = 25 m^, an estimate of the 
average coefficient of reflection F 
of the moon’s surface is necessary. 

The surface in question is about 
Bo = 7r(1.7)^ X 10^^ and we shall 
assume: F‘^Bo = tt X 10^^ m^, while 
the distance r is approximately 
3.8 X 10^ m. With impulses of two 
microsecs duration and 1000 kw 
power Ptk = 2 joule, and hence the 
required noise figure becomes: 

A = 4. 

The experiment at issue thus re- 
quires receivers of a low noise figure. 

In the actual experiments the carrier frequency was 111.6 mc/s, some- 
what lower than was assumed in the above estimate (reference 245), 
We may also use the above equations for the determination of the re- 
quired transmission power for the detection of specified objects at a given 
distance if the receiver’s noise figure is known. 

Two types of visual radar applications have become widely known. 
With the first type the radar antenna system is given a definite direction 
and the transmitted and reflected impulse are recorded, using a cathode 
ray with a suitable time base. From the recorded distance between 
the two impulse images on the fluorescent screen of the c.r. tube the 
distance between radar antenna and object may then be read directly, 
the screen being provided with a suitably calibrated scale. 





Fig. 229 Simplified block diagram of 
radar equipment. PPI is the plane 
position indicator. 
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With the second type, sometimes indicated as surface-search radar, 
the antenna system is rotated in synchronism with the time base sweep 
of the c.r. tube. Thus a more or less detailed map of the objects 
swept by the beam is observed on the fluorescent screen. An over-all 
diagram of a surface-search radar is shown in Figure 229. In this 
particular case, 250 kw peak power is used at a pulse duration ti of 
1 microsec. 

References: 6Ji, 69, 98, 109, 110, 139, 169, 345, 267, 323, 333. 

Vn.3.2. Single side-band reception. Single side-band communica- 
tion offers a number of advantages, especially for long distances, when 
the waves may be much affected by ionospheric conditions. 

Vn.3.21. General considerations. I'he suppression of one side-band 
of an AM signal together with partial or complete suppression of the 
carrier wave offers the advantage of an over-all band-width reduction 
to about one-half of its value with a pure AM signal. Thus more 
broadcast or communication channels can be ac.commodated within 
a given frequency interval than with pure AM. Furthermore, the 
required transmitter power is considerably reduced in comparison 
with AM, the continuous power used for the carrier of an AM signal 
being partly or entirely eliminated. Due to the reduced over-all band 
width required for single side-band transmission, the effects of fading 
and interference, especially at long-distance transmission, in most 
cases show a considerable reduction if compared with AM (sec section 
1.1.4). By the reduced over-all band width the noise ratio may be 
less than with AM. Secrecy of single side-band transmission is in 
general greater than with AM, as no adequate direct reception using 
common AM sets is possible. Finally, distortion and interference 
effects due to non-linear tube curves may be less with single side-band 
signals. 

In discussing the latter point we shall assume a single side-band 
signal, the carrier of which is completely suppressed. If one single 
frequency of modulation is considered, the signal thus consists of a 
single frequency. By curved tube characteristics overtones of this 
frequency are created, the frequencies of which are outside the recep- 
tion band. Thus little harm is done by this sort of distortion. Effects 
like increase of modulation coefficient and distortion of modulation 
(see section VI. 1.42 and VI.2.13) are not encountered in the present 
case. Interference by spurious modulation of the signal by l.f. dis- 



GENERAL CONSIDERATIONS 


337 


turbances may, however, occur in the present case as well as with AM. 
Suppose that the spurious l.f. disturbance has a frequency /n,. By 
curvature effects the signal may be modulated by and by its multiples, 
as shown schematically in Figure 230. If the carritr frequency is /c, 
the l.f. output frequency is \fc — f\ while the disturbances are at 1. fre- 
quencies \fc — f :±: q X fb\y q being an integral number. In most 
cases fb is rather small compared with f; and then the disturbances 
corresponding to low values of q do 
not differ much in output frequency 
from the desired signal. Thus, if 
\fc — /I = 1000 c/s and/6 = SO c/s 
the disturbing frequencies are at 
1 050, 950, 1100, 900, etc. , c/s. These 
disturbances are observed as a cer- 
tain roughness of the output sound. 

If the same disturbing frequency fb 
wa>re modulated upon a pure AM 
signal, the resulting output sound 
disturbance would mainly corre- 
spond to fb and to multiples of it. 

Hence an entirely different character 
of output disturbance is produced 
by the same disturbing frequency 
in the cases of pure AJM and of a 
single side-wave signal. 

Where two single side-wave signals are simultaneously present at 
the input of a tube, the resulting interference consists of sums and 
differences of the frequencies of both signals being created at the output. 
Most of these are outside the band under consideration and hence 
cause little or no trouble. This situation is again entirely different 
from that caused by the presence of two input signals of which one or 
both arc A-modulated, the resulting disturbance being then cross-modu- 
lation (see sections VI. 1.42 and VI. 2.13). If a pure AM signal is present 
at the input of a tube simultaneously with a single side-wave signal, the 
resulting disturbing l.f. output frequencies caused by tube curvature 
effects are similar to those discussed above, i.e., |/ — fc dLfd\ H fd is the 
modulation frequency of the AM hignal,/ the single side-wave frequency, 
and fc its corresponding carrier frequency. This type of interference 
may be serious, and at its occurrence measures suitable to its removal 


Fig. 2^0 Representation of disturb- 
ing output frequencies resulting from 
tube curvature effects in single side- 
band reception. Carrier frequency 
fc is broken line at the left. The 
spurious l.f. disturbing frequency is 
/6, while the desired output l.f. is 
\fc — /|. The resulting interfering spu- 
rious output frequencies are \fc — f dz 
fb q\, q being an integral number, and 
are shown in the diagram with de- 
creasing amplitudes for higher values 
oiq. 
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should be considered; they consist mainly of improving selectivity, thus 
excluding the disturbing signal at the input of the tube in question. 
In the above reasoning the carrier was assumed to be absent at the 
input of the tube in which the disturbing modulation effects occur. 
If a very weakened carrier is present, as in some actual cases, the 
argument is not much altered and the results remain substantially 
as stated. 

VII.3.22. Reception. As already mentioned in section 1.2.22 and 
VII. 1.1, the reception of a single side-band signal is mainly based on 
its detection subsequent to an increase or addition of a suitable carrier. 
The stages preceding rectification or detection — ^i.e., h.f. (if any), 
mixer, and i.f. stages — are of a conventional character and designed 
to accommodate the entire side band in question, including the re- 
mainder of the signal carrier if present. The additional carrier or the 
reinforced carrier present at the input of the detector stage must be 
of an amplitude large compared with the average side-wave amplitudes. 
In this case distortion at demodulation may be negligible, as was dis- 
cussed in section VII.1.11. If no carrier is contained in the input signal 
and an extra carrier is added preceding detection, its frequency must 
be exactly equal to that of the suppressed carrier at the transmitter. 
Its phase is, of course, random with respect to the side waves, but we 
may conclude from section 1.2.22 that this phase angle is not a matter 
of importance and hardly affects demodulation in the detection stage 
as long as its amplitude is sufficiently large compared with the side- 
wave amplitudes and as long as its frequency does not show too large 
deviations from the exact carrier position. These deviations are by 
experiments reejuired to be less than about 20 c/s with speech and 
less than about 5 c/s with music programs. In order to iasure the 
adherence to these close requirements with signals having an entirely 
suppressed carrier, a subsidiary single-frequency pilot signal is in some 
cases provided for. Thus, with telephonic transmission, using a band 
of about 3000 c/s, a pilot signal at a distance of 5 kc/s from the sup- 
pressed carrier position may be used. This pilot frequency signal is 
then applied to keep the added fresh carrier at the right position by 
I.f. beat note control. 

As an example, a single side-band receiver is shown schematically 
in Figure 231. The signal captured by the antenna A is amplified in 
a h.f. stage, mixed in a first mixer stage Mi (the i.f. of which may be 
approximately 0.5 mc/s), then amplified in i.f. stages (marked ZF), 
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and brought to a second mixer stage M 2 in which the suppressed carrier 
frequency is converted to approximately 10 kc/s. The incoming signal 
is supposed to contain a pilot frequency of the type mentioned and a 
filter stage marked S is used to remove this pilot signal and to conduct 
it to an automatic frequency control stage marked AFR. In the filter 
stage the required frequency band to be passed on is strictly limited, 
then conducted to the subsequent demodulation stage marked Gl and 
thereupon to the l.f. stages NF and to the loudspeaker L, The pilot 


AV/f 



Fig. 231 Schematic block diaRram of a single side-band receiver. Legend: 
antenna; HF, liigh frequency pre-mixer stage; Mi, first mixer stage with oscillator 
Oi] ZF, intermediate frequency stages; M 2 , second mixer stage with oscillator O 2 ; 
Sf filter circuits; Gl, detector stage with beat oscillator O 3 ; NF, low frequency stages; 
L, loudspeaker; AYR, automatic volume control; AFR, automatic frequency 

control. 

frequency obtained from the filter stage S is applied to control the 
frecpieiicies of the three oscillator stages Oi, O 2 , and O3, the first two 
of which are connected with the two mixer stages Mi and Moy while O 3 
supplies the carrier to be added preceding the demodulation or detec- 
tion stage GL From this detection stage the voltages necessary for 
the automatic gain control of the stages marked HF, Mi, ZF, and M 2 
are also derived. The input signal carrier frequency may be 20 mc/s, 
entailing a frequency of Oi of approximately similar amount. The 
frequency of O 2 i« approximately equal to the i.f. created by the mixer 
Ml — e.g. 0.5 mc/s — while Oa may be about 10 kc/s if the second mixer 
produces this carrier frequency at its output. The application of 
double mixing offers the advantage that the output i.f. of the first 
mixer Mi may be chosen such that image response at its input is effec- 
tively suppressed, requiring a relatively high i.f. With the set under 
discussion, a frequency deviation from the pilot frequency of about 
5 c/s creates a control voltage of the stage AFR resulting in a 3 kc/s 
frequency shift of the oscillator O 2 . 
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Instead of one single side-band channel, several channels may be 
applied, calling for a proper separation in reception. For this and 
similar separation stages, adequate filter networks are required. In 
many cases quartz crystals are applied in such networks, insuring sharp 
cut-off characteristics at the ends of the bands to be passed on. 

VII,4. Overall Design 

Some questions connected with over-all design of reception sets and 
antennas suitable for the wave ranges at issue will be considered in 
this section. Most of these items apply to almost all of the different; 
types of reception discussed previously. 

Vn.4.1. Fading compensation. One of the major disturbances of 
reception is fading. We shall deal with some aspects of its compensa- 
tion here. 

VII.4.11. Automatic bias control. Automatic fading compensation 
is mainly desirable in reception of long-distance signals, though some 
such compensation is also applied with television and othi^r short- 
distance reception. One of the first questions to be settled is connected 
with the desirable shape of the l.f. output versus signal input voltage 
curve which should be obtained as a result of the automatic volume or 
gain control under discussion. Referring to AM first, a completely 
invariable output voltage could well be achieved at variable input 
carrier voltages and at a specified modulation coefficient. But in this 
case optimum output would be obtained only at a definite modulation 
level, the output power being too small at lower, and too high, involving 
distortion, at higher levels. In order to avoid this, a slowly increasing 
output at increasing input voltages is desirable. If a.v.c. starts directly 
at very low input signals, the output signal increases so slowly that 
optimum output power will hardly ever be obtained. This argument 
establishes the desirability of a threshold input signal, below which 
no a.v.c. is applied. A corresponding curve for a conventional sound 
reception set is shown in Figure 232. 

The volume control itself is usually applied by biasing the control 
grids of the respective tubes, using bias voltage obtained from a special 
rectification stage, which is distinct from the normal demodulation or 
detection stage. A conventional circuit showing two directions of 
control — backward and forward from the rectification stage — is repre- 
sented in Figure 233. The output resistance R (Fig. 233) of the rectifi- 
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cation stage and the capacitance C are chosen such that o^RC ^ 1 in 
which 03 may be the carrier or the modulation frequency. This condi- 
tion is essential in order to obtain a purely direct bias voltage without 
l.f. ripple, which might cause disturbing interference by additional 
modulation in the h.f., mixer, and i.f. tubes. The threshold mentioned 
above may be obtained simply by biasing the diode, as shown in Figure 
234. From curves like those of Figure 234 and from the transconduct- 



Fig. 232 Horizontal scale: Ratio of effective receiver input voltage to lowest input 
voltage Vei t ical . Ratio of effective receiver output voltage to lowest output voltage. 
Curve corresiionds to delayed automatic backward volume control at 30% AM. 


ance versus bias curves of the mixer and amplifier tubes, the complete 
a.v.c. curve of a set may be obtained by graphical means. An example 
is given in the table below. 


ANTENNA 

SIGNAL 

MIXER 

VOLTAGE 

GAIN 

I F. 

VOLTAGE 

GAIN 

BIAS 

CONTROL 

VOLTAGE 

I.F. 

INPUT 

VOLTAGE 

OF 

DETEl’TOR 

L F. 

OUTPUT 

VOLT\GE 

OF 

DETECTOR 

INCREASE 

OF 

OVER-ALL 

OUTPUT 

VOLTAGE 

10 micro V 

100 

100 

0 

0 3 

0 07 

IX 

40 microv 

100 

100 

0 

1 2 

0 33 

4 7 

67 microv 

100 

100 

0 

2 

. 0 55 

7 8 

380 microv. 

46 

77 

2 3 

4 

1 15 

16 4 

2 2 mv 

18 5 

50 

5 0 

6 

1 75 

25 

28 mv 

5 1 

23 

10 5 

10 

2 9 

41 

140 mv 

2 8 

11 

14 5 

13 

3 8 

54 

800 mv 

1 2 

5 9 

20 

17 

5 0 

71 


In this example the rectifier threshold voltage is 3 volts and the AM 
coefficient rria = 0.3. The manual volume control by potentiometer 
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should be applied behind the rectifier diode stage, as it would be less 
effective preceding this stage due to the a.v.c. 



Fig. 233 Schematic receiver diagram illustrating automatic forward £ts well as 

backward volume control 

It is essential that the product of R and C of Figure 233 be not too 
large, as it determines the delay in time after which the bias voltage 
will have reached its full intended value This delay is usually made 


V(vo}tij 



Fig. 234 Rectifier for the application of delaved or non-delayed automatic volume 
control. Vertical scale: Output direct voltage as dependent on the input inter- 
mediate frequency voltage, indicated by Vij. Curves at different bias voltages Vd- 

longer than 0.1 and shorter than 1 sec. and hence the value of the 
product RC is in this case required to be within these bounds. 

By the application of suitable a.v.c. a number of disturbance effects 
that might occur at varying input signal levels may be avoided. Such 
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Fkj. 235 Circuit for obtaining two 
different control voltages suitable for 
a.v.c. from a single diode. The delay 
is obtained by the application of a 
suitable bias voltage (indicated by a 
battery inserted in the cathode lead) 
of the diode. 


effects are, for instance: distortion by control grid current, distortion 
of modulation by tube curvature, and distortion by too large anode 
voltage swing. The automatic bias voltage of any one controlled tube 
must be such that effects like these 
are either eliminated or minimized. 

In some cases this may necessitate 
the application of different simul- 
taneous control bias voltages to 
different tubes of a set, thus causing 
a complication if compared with 
Figure 233. A suitable rectiheation 
circuit supplying two different bias 
voltages is shown in Figure 235, the 
ratio R\/R 2 being chosen accord- 
ingly. It is obviously also possible 
to provide for different time delays 
in the application of a.v.c. bias volt- 
ages using this circuit by choosing 
the RC products differently. 

A further aspect of the threshold voltage connected with the applica- 
tion of a.v.c. is relatt^i to noise. Transferring the available output 
noise power of a stage to its input by division by its gain figure, this 

eciuivalent input noise powder is usu- 
rdly increased by the application of 
a.v.c. This holds for amplifier as 
well as for mixer stages using con- 
ventional tubes. Viewing the en- 
trance stage of a set in this respect, 
its rise of equi^ aleiit input noise 
power must be cln^sen such that it 
lags behind the rise of input signal 
power which puts the a.v.c. into 
action. This may be achieved by 
simply applying a suitable threshold 
in the a.v.c. system. If under 
such conditions the equivalent input 
noise power starts rising, the input signal power has already risen to 
such a level that the noise ratio is less than previous to the application 
of a.v.c. and this is exactly wiiat is desirable. Schematic curv^'es for 



Fig. 2.36 Vertical scale: Output sig- 
nal power Pg and output noise power 
Pn. Horizontal scale: Input signal 
voltage Vg, Both scales are linear. 
Curves are obtained with a.v.c. 
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the resulting output signal power and output noise power of a set 
applying a.v.c. with a suitable threshold are shown in Figure 236. 
It is seen clearly from these curves that the noise ratio is uniformly 
decreased if the input signal voltage is increased. 

VII.4.12. Further methods of fading compensation. The bias-control 
method of fading compensation entails several disadvantages, some of 
which may be listed as follows: (1) By the variation of bias voltage, 
variations of tube input and output impedances are caused, which may 
result in distortion of frequency response of the attached cii’cuits. 
(2) By the bias variations the supply voltages of the tubes in question 
may vary as a result of tube current variations. Such variations of 
suppl}^ voltages may affect other tubes and cause distortions of response 
by variations of impedances of the attached circuits. As already dis- 
cussed in sections VI. 1,42 and VI.2.13, the tubes in question have to 
be provided with remote cut-off anode current versus grid bias cuiwes 
in order to limit distortion effects with volume control by bias voltage. 
Such remote cut-off curves, liowever, inevitably involve a higher ratio 
of anode current to anode transconductance than would be necessary 
with tubes having sharp cut-off characteristics, which are in turn un- 
suitable to bias control due to large distortion. (3) Finally, the ap- 
plication of bias voltage in many cases prevents the application of 
suitable feedback for reduction of noise figure, such as was discussed, 
for instance, in sections VI. 2.42 and VI. 1.32. For all these reasous 
it would be useful if a different means of effective volume control could 
be applied, avoiding all or most of the points mentioned. 

Such means may be found in the application of electro-mechanical 
control. The actual device may be given various shapes and only 
one instance will be discussed briefly here. It consists of a tiny perma- 
nent magnet mounted on a common axis with one or more insulated 
condenser electrodes. The magnet moves between two poles of a 
suitable ferromagnetic circuit provided with one or more coils. These 
coils are energized by currents derived from a suitable rectification 
stage similar to that described in connection with bias control. By the 
d.c. through the coils the tiny magnet and its associated condenser 
plates are rotated and thus a variation of capacitance between these 
rotating plates and suitable adjacent fixed electrodes results. This 
capacitance may be used as a coupling capacitance between the antenna 
and the entrance resonant circuit or between any two consecutive stages 
of a set preceding the d(*modulation stage. The variation in capacitance 
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must be relatively considerable if satisfactory volume control is desired, 
e.g., 1 : 100 or 1 : 1000 between extreme positions. Such large varia- 
tions may readily be achieved in various ways. One method has been 
dealt with already in section V.1.23 in connection with the attenuator 
stage of a standard signal generator. We may use a suitable modifica- 
tion of Figure 112 in the present case. Another way consists in the 
application of a push-pull circuit, the fixed condenser electrodes being 
of symmetrical position with respect to the set’s chassis electrically. 
If the rotating plates are in a symmetrical position with respect to the 
fixed plates, the output voltage of the control device is zero at any 
input voltage. Hence a wide range of control may be obtained also 
in this ca^e. 

The const niction of electro-mechanical devices of the type under 
discussion calls for a number of subsidiary considerations, the most 
important of which are connected with resonant frequencies and re- 
action time. The fonner are n^quired to be much higher than the 
reciprocal lime of reaction. The latter being about between 0.1 and 
1 sec, the freciuencies in question must be higher than, say, 10 c/s. 
At the same time, however, the reaction time must remain of the order 
of magnitude as stated and these two requirements together call for 
a very light structure. The supporting frame of the rotating parts 
may be molded of suitable plastic material. Another requirement is 
shielding. A suitable screen must be interposed between the control 
parts connected to h.f. or i.f. circuits and the parts connected with 
the rectilication stage. Devices of this kind may also be used for 
automatic frequency control purposes. 

Finally, we shall discuss briefly some aspects related to carrier amph- 
fication. If, by selective fading, the carrier of an A^M signal is weakened 
considerably in relation to the side bands, very disagreeable I.f. distor- 
tion may result. Such effects occur especially in long-distance reception 
(sec section 1.1.4). They may be overcome by application of additional 
amplification to the carrier of an AM signal. This may be achieved 
in various ways; e.g., by using crystal filter circuits in the i.f. stages 
having sharp peak responses at the carrier frequency and less response 
at the side bands. If such carrier amplification is applied, automatic 
frequency control of the local oscillator becomes almost inevitable. 

VII.4.2. Design and construction. Some problems connected with 
the over-all design and construction of reception sets at the frequencies 
under discussion will now be dealt with. 
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Vn.4.21. stabilized direct power supply. We have already men- 
tioned in preceding sections (VII.4.12, VII. 1.22, V.1.21) that the power 
supply stage of a receiver set should satisfy a number of requirements 
pertaining to stability of supply voltages under varying power drain 


Vo(V) 



Fig. 237 Operational data of supply rectifier stiiRe, the circuit being as shown in 
the diagram {Rg inherent secondary scries resistance of the circuit and Rp inherent 
primary series resistance, w being the transformjition ratio). Curves show output 
voltage Vo as dependent on output current Iq at different values of Rt = R^ + 

X Rp. The sign U indicates ohms. 

and to screening as regards h.f. currents. A rectifier circuit often used 
for supply purposes is shown in Figure 237, representing a so-called 
full-wave rectifier. The curves of Figure 237 show the decline of direct 
output voltage at increasing power drain (increasing d.c.). The resist- 
ance Rt at each curve is made up of components shown in the circuit: 
the primary transformer series resistance Rp and the secondary trans- 
former series resistance Rg of each half: Rt = Rg + w^Rp^ w being the 
transformation ratio. From these curves it is obvious that a reduced 






STABILIZED DIRECT POWER SUPPLY 


347 


internal resistance Rt of the power-supply circuit is conducive to a 
more constant output voltage at increasing d.c. values. 

In order to reduce the ripple of the output voltage and to prevent 
l.f. voltages from entering the supply circuit and thence being con- 
ducted to other parts of the receiver, a choke of inductance L henry 
may be used in series with the positive output terminal, connecting 
its far end to ground across a capacitance Ci. If a ripple of angular 
frequency Wr and voltage Vr is present at the output of the circuit of 
Figure 237, the reduced ripple voltage 
Vro resulting from the choke-conden^^or 
circuit mentioned is ; 

^ 1 

1 1 — 1 

The stabilization of the output voltage 
Vo of a rectifier circuit under var^dng con- 
ditions of current drain has been the object 
of many special circuits, of which two 
will be mentioned here. The first one is 
based on a property of gaseous discharges, 
extremely useful for the present purpose. 

The electrode voltage of such a discharge is only little dependent 
on the d.c. passing through it. We shall indicate the increment of 
electrode voltage divided by a given increment of d.c. by J?, whereas 
the ratio of electrode voltage to average d.c. of the discharge will be 
denoted by Rg. Considering a circuit as show n in Figure 238, G being 
the gaseous discharge tube, T" the voltage generator of internal resistance 
/?i, and Ro the load resistance, we may deduce: 


ffi 



Fig. 238 Simple voltage stabi- 
lization circuit using a gas dis- 
charge tube G, the input source 
voltage indicated by the circle at 
the left being V and the output 
voltage across R 2 being V 2 . 
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(VII.4.21a) 


If a relatively small increment AF of F occurs, the corresponding in- 
crement AF 2 of F 2 is: 


AF2 


AF 


1+^ + ^ 

R 2 R 
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(VII.4.216) 
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the difference from Eq. (a) being that Rg is replaced by R. By Eqs. 
(o) and (6) we have: 


AFz 

AV 


h 

V 


R\ Ri 

1 +-+— 

^ R2 R 


(VII.4.21C) 


and the second right-hand multiplier is smaller than unity by virtue of 
Rg being much larger than R, From this expression it is obvious that 
a relatively considerable improvement of voltage stability calls for a 



Fia. 239 Circuit for reducing output supply voltage variations of rectification 
stage, using two triodes. For description sec text (refcrene(‘ 4 OO). 

small ratio of Ri to R 2 . Under practical conditions this multiplier 
may be as small as 0.2. On this principle many applications have 
been based, using special gaseous discharge tubes with several elec- 
trodes, thus stabilizing several supply voltages at once. 

If the internal resistance of a supply source such as represented in 
Figure 237 is zero, the variations of output d.c. would entail no cor- 
responding variations of supply voltage. This internal resistance cor- 
responds to the slope of the curves in Figure 237. 

A circuit achieving a considerable reduction of output voltage varia- 
tions by reducing the effective internal resistance of the supply source 
is shown in Figure 239, using two triodes and a bridge network. 

In this circuit some relations between the various elements must be 
satisfied: R1/R2 = Ri/Rq, Ri + R2 = np,R2y n being the amplifica- 
tion of tube A and g the amplification factor of tube B. Furthermore: 
i ?2 + -K 4 = R 3 R 2 '>^Yj Y being the transconductance of tube B. Under 
these conditions the output voltage Vu may be varied with the aid of 


ANTENNA CONSTRUCTION 


349 


the resistor R^. Stability of output voltage is independent of its actual 
value. The effective internal resistance of the circuit if viewed from 
its output terminals may be made exactly equal to zero only at one 
single value of output d.c. The battery Vh shown in the circuit must 
be of constant voltage, this source serving as a pilot voltage to the 
circuit. We have: 7^4 //?2 = Rs/Ra = nYRj, — 1. 

VII.4.22. Antenna construction. In individual as well as commercial 
reception the problem of anti-noise antennas is often predominant. 


a-T — « -i 




ir~ 

/ 

/ 



.=a 

=0 



Fig. 240 Antenna system suitable for a plurality of receivers. Legend: a, antenna; 
b, coaxial shielded cable; c, antenna preamplifier; d, shielded coaxial cable; e, shunt 
connections of receivers;/, receiver coaxial cable; g, receiver set; h, wave impedance 

termination of d. 


One of the most useful constructions aiming at a reduction of man- 
made noise consists of an antenna as far distant from the noise source 
as is practically feasible, connected to the receiver by a w^ell-shielded 
coaxial cable of low attenuation. In some cases such anti-noise an- 
tennas may be used cooperatively, e.g., by the inhabitants of an apart- 
ment building (see Fig. 240). The signal level may be increased near 
or at the output of the antenna proper by application of a suitable 
antenna amplifier. This may incorporate a mixer, thus reducing the 
frequencies of the signals to be transmitted by cable. Its band wddth 
should be either sufficient to accommodate all the signal frequencies 
required or else be of adjustable center frequency. In the latter case 
remote tuning would often be required as the pre-amplifier set may be 
located in a poorly accessible place. The system might be recom- 
mended for high-quality television or short-wave (e.g., FM) reception 
in city areas. 

The familiar antennas used in automobile, aircraft, naval, and similar 
reception need hardly any elaborate mention. Only tw^o examples are 




350 


FURTHER STAGES AND OVER-ALL DESIGN 


shown in Figures 241 and 242 of a direction-finder for naval and air- 
craft use (loop antenna) and a cycle-set with a small wire antenna. 

In some cases commercial antennas have to be designed for reception 
from two opposite directions. This may be achieved by the use of 
a suitable phase-shifter. The effect of a device of this type is illustrated 
by Figure 243. Two antennas 1 and 2 oriented perpendicularly to the 



Fig. 241 Short-wave receiver 
including direction finder for 
ships and an planes 



I Kt 242 Short-wave cycle 
set with short antenna 


directions of propagation are connected to a common point P, one 
directly and the other across the phase-shifter DeL The mutual distance 
between the individual antennas ls X/4, while Del causes a delay also 
corresponding to X/4. Thus for waves arriving from the direction A 
the reception voltages are added at P, while for weaves arriving from 
the direction B they cancel, assuming zero attenuation of DeL By 
transferring the device Del from the lead of the antenna 1 to the lead 
of 2, the direction of reception may be changed from A to B. The 
phase-shifter Del often takes the form of a suitable h.f. tube amplifier. 
By the insertion of similar phase-shifting devices other and more general 
variations of directive reception patterns may be obtained. 

An extension of phase-shift practice to musa-systems incorporating 
six rhombic reception antennas (marked A ) is illustrated by Figure 244. 
Each antenna is connected to an individual set containing a h.f. amplifier 
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stage HF, a first mixer stage Mi, an i.f. amplifier IF, and a second 
mixer stage M 2 , the oscillators of the mixer stages being 0i and O 2 . 
At the outputs of five of the sets three phase-shifters Ph each are shown, 
indicated by 1, 2, and 3. These phase-shifters control the optimum 
response elevation angle of the antenna system. The shifters 1 vary 
their phase-shifts continuously and allow a continuous determination 
of the available antenna output power at various phase-shifts (or 
elevation angles). The shifters 2 and 
3 are controlled manually or automati- 
cally and choose two optimum angles of 
elevation for long-distance reception on 
two particular paths. The shorter-path 
reception coaxial cable Ls interrupted by 
a suitable delay device Del providing 
for a delay such that virtually equal 
parts are created at the entrance of the 
two detector stages Di and Z> 2 . The 
outputs of these stages are connected to 
a common I.f. amplifier LF. By the 
present recep)tion system fading effects 
are reduced considerably. 

The construction of antennas involves 
a numbc'r of mechanical points such as 
strength under various conditions of wind 
(e.g., up to 100 ni.p.h.), hail, snow, sleet, and durability under seasonal 
influences. The calculation of poles, towers, struts, and supporting 
structures under these conditions cannot be entered into here; for 
these the reader must be referred to texts on constructional design. 
Severe icing and humidity conditions must under some climatic cir- 
cumstances be accounted for. In some cases special insulator design 
may be necessary, and sometimes de-icing circuits must be provided. 

Antennas, especially of highly directive u.h.f. type, in planes, have 
to be built sometimes into wings or other structural parts in order not 
to impair aircraft operation. In such cases low-loss covers of the an- 
tennas and reflectors, flush with fuselage or body-surfaces, are appropri- 
ate. 

With individual antennas, cost is a dominant factor and the choice 
between possible stnictures will often be decided upon according to 
best performance at a given expense. The data related to reception 





Fig. 24S The outputs of two 
identical antennas 1 and 2, of 
orientation peq^endicular to the 
direction of reception, are 
brought togetiier at a point P, 
an adjustable d(‘lay circuit Del 
being inserted in one branch. 
The directions of re^ception are 
either A or B ac(‘ording to the 
delay. 
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properties may in most cases be obtained from chapter III while the 
data regarding expense are often obtainable from suitable texts and 
pamphlets. 

References: 5 , 21 ^^ 31 , 126 , 136 , 249 , 282 . 

A 



Fig. 244 Schematic diagram of diversity reception using six separate antennas A 
with six separate HF, mixer (Mi), intermediate frequency {IF), and second mixer 
{M 2 ) stages, the local oscillators being Oi and O 2 . Three phase-delay circuits Ph 
are provided in each of five reception paths. The circuits Ph 1 serve as a check for 
a most favorable choice of angles of incidence and are constantly rotating. The 
circuits Ph 2 and 3 are used for a manual or automatic adjustment leading to optimal 
output voltages. The delay circuit Del serves as a compensation of the dilTerence 
in lengths of transmission paths. D\ and />2 are detector stag(*s and LF are low 

frequency output stages. 


VII.4.23. Set design and construction. Sets may be subdivided 
into portable, mobile, semi-portable, and fixed types. The construction 
of each of these types calls for special attention to the varying condi- 
tions of use, and widely different shapes have been adopted. An ade- 
quate treatment of the corresponding requirements and of the related 
constructions would unduly inflate the present section and hence we 
shall deal with only a few practical examples and with some simple rules. 

The general trend of set construction has been directed toward in- 
creasing standardization and uniformization as regards parts and stages. 
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Thus standard i.f. stages have been built satisfying specific requirements 
for television and FM reception as well as for facsimile and u.h.f. or 
s.h.f. communication. Values of i.f. have in many cases been chosen 
with a special view to adequate image rejection, calling for relatively 
high i. frequencies. Uniformization has found 
a further expression in the so-called unit prin- 
ciple, manufacturers producing units of power 
supply, I.f. output stages, etc., and using them 
in various types of sets. The use of standardized 
parts has in many cases been halted by the ad- 
vent of new and better parts. The same argu- 
ment applies to tubes. Outstanding examples 
are the present 1946 miniature and subminiature 
types of which dimensions are shown in Figure 
245. These extremely small tubes in conjunction 
w ith new and smaller parts such as resistances, 
condensers, coils, and sockets make for very small sets, which may be 
('xtremely useful in many cases (e.g., * personal” sets or ^‘walkie-talkie'^ 
sets, the dimensions being (‘omparable with medium or small-sized cigar 



Fig. 245 External di- 
mensions of miniature and 
submmiatiire receiving 
tubes. 




Fig. 246 Over-all sketch of fuse as used in artillery shell, incorporating complete 
receiver-transmitter using subminiature tubes (Fig. 245). For comparison of di- 
mensions a 6 L 6 G tube is shown alongside. 

boxes). A particular point with these small sets, if intended for the 
general public, relates to their loudspeakers; small-sized speakers often 
lack adequate I.f. response, thus impairing the quality of sound repro- 
duction. One of the smallest sets yet produced is connected with the 
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so-called proximity fuses used in projectiles for antiaircraft and similar 
guns. An over-all picture of such a set, incorporating a transmitter 
and a receiver, using subminiature tubes, is shown in Figure 246. The 
entire set construction must withstand the tremendous acceleration 
imparted to it in the projectile (reference 167 ^ 172 ). Test values were 
20,000 times the acceleration of gi*avity at the earth's surface. All parts 
were enclosed by suitable rubber sleeves. The tubes had to be of special 


100 



Fig. 247 Preamplifier (h.f.) and mixer stage of an FM receiver using two miniature 

types. 


construction in order to avoid failures under such extreme conditions. 
These same tubes, by their rigid construction, are probably among the 
best antimicrophonic types ever marketed. 

For FM reception special miniature tubes suitable for the h.f. and 
mixer stage have been developed, a pertinent wiring diagram being 
shown in Figure 247. The chokes inserted into the heater leads serve 
to prevent varying heater capacitance and resulting FM of the oscillator. 
This circuit is suitable at about 100 mc/s. As the i.f. is 10.7 mc/s, a 
considerable image rejection may be obtained, for instance 50 db. 
Voltage gain from the antenna input to the input of the first i.f. stage 
may be about 70. 

Of special interest at present are u.h.f. and s.h.f. receivers. Sets 
tunable over frequency ranges of 2 to 1 with single dial control have 
been built giving continuous coverage up to 10,000 mc/s. At these 
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frequencies high image-rqjection values have been obtained, e.g., 10 db 
at 1000 mc/s. The local oscillators between 1000 and 10,000 mc/s 
have often been lighthouse or reflex tubes using suitable circuits. 
The mixer stages are mostly of crystal type at these frequencies and 
a pertinent circuit is shown in Figure 248. The entire push-pull mixer 
circuit is based on the use of a suitable wave-guide combination as 


I-F oufpt/t 



Fio 248 Balanrod shi. niixor circuit u^ing crystals and ^^av(‘ guide Bection^* 
The Tee-guide section is shown separately including its matching rods. 


shown. Cavities and guides having no sliding contacts and often no 
dielectric in the h.f. circuit are used in constructions related to the 
present frequencies. 

In some cases simrious v.h.f. or u.h.f. oscillations have been found 
in l.f. circuits of sets. Such oscillations may often be stopped by inser- 
tion of resistances of a few to 50 ohms into the tul^e electrode leads. 

A considerable decrease of over-all weight of radar sets for aircraft 
use is necessary and has been partly obtained already. Original weight 
was about 300 lbs., present weight is about 100 lbs., and desired future 
weight is less than 50 lbs. (reference S2S). Similar decreases in weight 
of other mobile sets are required for many applications and present de- 
velopment is in this direction, using subminiature tubes and similarly 
small-sized parts. 

References: 2, 6, 94, 100, 167, 172, 177, 189, 323. 
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LIST OF PRINCIPAL SYMBOLS 

a. Latin Symbols 

A Amplitude of oscillation. 

Reciprocal of power attenuation. 

a Radius of circular conductor or disk (cm). Indication of anode. 
B Band width of frequency interval (cycles /sec or rnegacycles/sec). 
b Dimension of wave guide or reflector (cm). 

C Capacitance {pF = pfxF), 

c Cycle in the expression c/sec. Indication of cathode. 

D Diameter or distance (cm). 

d Diameter of conductor (cm), 

db Decibel = 0.1 bel. 

E Electrical field strength (volts /cm). 

e Ele(^tronic charge: 1.6 X coulombs. 

Co Electronic charge/mass ratio: 17.6 X 10^'* cm“/soc“ volt. 

F Coeffi cient of reflection and noise figure. 

/ Frequency (c/s, kc/s, mc/s). 

G Function expressing v.h.f. decrease of noise currents (see Fig. 37). 
g Gain per stage. Indication of grid. 

H JVIagnetic field strength (aiupere/cm). 

h Height (cm). 

I Current (ampere). 

% Fluctuation current (ampere). 

j Imaginary unit. 

K Boltzmann^s constant: 1.38 X joule/ degree Kelvin. 

k Indication of 27r/X 

L Self-inductance (henry). 

I Length of antennas (cm). 

Mutual inductance (henry). 

Coefficient or index of modulation. 

Noise figure. 

Index of refraction. 

Ratio of two indices of refraction. 

Radar coefficient of reflection (section 1.1.24). 
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LIST OF PRINCIPAL SYMBOLS 


P Power (watts, kilowatts). 

p Specific power (watts/cm"). 

Q Quality figure of resonant devices. 

q Integral number. 

R Resistance (ohms, kiloohms, megohms). 

r Radial distance (cm). 

S Surface area (cm^). 

T Temperature (degrees Kelvin). 

i Time (seconds). 

U Indication of 2 In (2Z/a) (section III.2.1I). 

V Voltage (volts). 

V Fluctuation voltage (volts). 

w Transformation ratio of transformer. 

X Reactance (ohms). 

X Linear coordinate (cm). 

V Complex admittance (mhos) or transadmittance. 

y Linear coordinate (cm). 

Z Complex impedance (ohms). 

Za Wave or surge impedance (ohms). 

z Linear coordinate (cm). 

6. Greek Symbols 

a Coefficient of absorption (section 1.1.23). 

r Solid angle (see section III. 1.21). 

A Relatively small difference or interval between two separate 
values, e.g.. A/ = frequency interval. 
h Loss angle of dielectric material (radians), 
e Dielectric constant or specific ca]mcity. 

<t> Phase angle (radians). 

ip Phase angle or azimuthal angle (radians). 

K Coupling index or coefficient. 

A Ratio iwh/X (see Fig, 73). 

\ Wavehiiigth (cm or meters). 

H Symbol for micro, e.g., n volt = microvolt. 
iia Amplification factor of triode. 

= 10'‘^/47r Dimensional constant. 

Indications of angles, such as angle of elevation. 



LIST OF PRINCIPAL SYMBOLS 


a; Angular frequency = 27r X cyc!es/sec. 

TT = 3.1417- 

Po Specific resistance to eddy currents (section IV. 1.11). 
(T Specific conductivity (nihos/cm). 

r Electronic transit time (sec) (see section 11.1.21). 

X Function of angular variables (section III. 1.12). 

^ Phase angle. 

rj Coefficient (see section IV 2.12). 

Ratio of angular frequencies (section IV.2.11). 

c. Abbkeviations 

a.f.c. Automatic frequency control, 

a.v.c. Automatic volume control. 

a.c. Alternating current. 

a.v. Alternating voltage. 

d.c. Direct current. 

d.v. Direct voltage. 

exp. Exponential function. 

h. f. High frequency. 

i. f. Intermediate frequency, 
l.f. Low frequency. 

Ig Logarithm. 

In Napierian logarithm, 
pF Picofarad = micromicrofarad, 
r.f. Radio frequency. 

r. m.s. Root mean square. 

s. h.f. Super high frequencies (3000“30,000 mc/s). 

u. h.f. Ultra high frequencies (300-3000 mc/s). 

v. h.f. Very high frequencies (30-300 mc/s). 




Bibliograph y 
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1. AJ. 

2. B,TJ. 

3. B.R. 

4. E. 

5. E.C. 

6. E.E. 

7. E.E.T. 

8. E.L 

9. Ec.E. 

10. G,R. 

11. J.A.P, 

12. JE.L 

13. JJ.E, 

14. JM,P, 

15. N. 

16. P.LR.E. 

17. P.M. 

18. P.P.S. 

19. P.R. 

20. P.R.S. 

21. P.T.R. 

22. P.T.R.S. 

23. R.C.A, 

24. R.S.I. 

25. W.E. 

26. IF. IF. 


American and Rritisii Periodicals 

Astrophysical Journal, 

Bell System Technical Journal. 

Bell Laboratories Record. 

Electronics. 

Electrical Communication. 

Electrical Engineering. 

Electrical Engineering Transactions. 

Electronic Industries. 

Electronic Engineering. 

General Radio Experimenter. 

Journal of Applied Physics. 

Journal of the Franldin Institute. 

Journal of the Institution of EUctrical Engineers. 
Journal of Mathematics and Physics. 

Natuie. 

Proceedings of the Institute of Radio Engineers. 
Philosophical M agazine. 

Proceedings of the Physical Society. 

Physical Review. 

Proc. Royal Soc. London A. 

Philips' Technical Review. 

Phil. Trans. Royal Soc. London A. 

R.C.A. Review. 

Review of Scientific Instruments. 

Wireless Engineer. 

Wireless World. 


Dutch Periodicals 
1. P. Physica (The Hague). 


1. B.S.F. 

2. C.R. 

3. O.E. 

4. R.G. 


French Periodicals 

Bulletin de In socicte fran^aise dcs clectricicns. 
Comptes rendus de V academic des sciences (Paris). 
VOnde Uectrique. 
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tJalactic nois(% 40, 87 
Gaseous discharge tube voltage 
stabilizer, 347, 348 
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Grid (!(4ector, 300 
Grounded grid crntrance stages, 221 

Heating of cathode layers, 193 
linp-distance, 28 
Horn antennas, 108 
Ho A ling (by microphonic action), 
312 

Hyperbolic antenna, 107 

Ima^e response in diode mixers, 
257 

Image response of mixer stages, 
250 

Impedance measurements using 
non-resonant lines, 185, 186 
Impedance measurements using 
resonant cavities, 187 
Impedance measurements using 
quarter-wave lines, 182, 183 
Impulse duration, 50 
Impulse l.f. amplification, 305 
Impulse modulation (IM), 50 
Impulse r(‘ceivers, 327, 328, 329, 
330 

Individual antennas, 113 
Inductance of antenna. 111 
Inductance of resistors, 151 
Inductance of tuning capacitances, 
151 
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209, 210 

Input admittance of diode mixer, 
256 
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cuit, 295, 296 

Instability arising from feerlback 
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Instantaneous angular frequency, 
45 

Interaction between oscillator and 
input in mixers, 241 
Interaction in multi-grid mixer 
tubes, 24(), 247 

Interference effects in mixer stages, 
249 

Ionization of ionosphere, 21 
Ionospheric clouds, 32 

Layers of ionosphere, 21 
Lense-anterinas, 108, 109 
Lighthouse triode in an oscillator 
stage, 201 

Limitation of AM coefficient at 
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Limitation of feedback capaci- 
tance, 233 

Linear dc^tection, 295 
Line noise, 135, 136 
Line transformers, 134, 135 
Long distance propagation, 23, 
24 

Long-wire antennas, 102 
Loop antenna din^ctioii tinder, 350 
Loop antennas, 93, 94, 95 
Loss angle, 5 

Low-pt)wer l.f. stages, 303, 304, 
305 

Lumped equivalent circuit of 
antenna, 111 

Magnetic field of earth, 31 
Magnetic field strength, 2 
Magnetron oscillators, 261, 262, 
263 

Man-made noise, 39 
Matched impedance, 54 
Maximum direct transmission dis- 
tance, 28 
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tance, 334, 335 
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28 

Mean square current, 55 
Measurement of impedance, 175, 
176 

Measurement of noise figure, 173, 
174 

Measurements of gain, 170 
Mercator maps, 26, 27 
Message volume per cycle band 
width, 52 

Microphonic effects, 310, 311, 312 
Miniatureandsub-miniature tubes, 
353 

Minimum noise figure of entrance 
stages, 218, 219 

Mixed and distorted modulation, 
48, 49 

Mixer tube 6L7, 6L7G, 196 
Mixer tube impedances, 207 
Modulation, 41 

Modulation coefficient (AM), 42 
Modulator stages of signal gener- 
ators, 1()7 
Motorboating, 313 
Multi-element tube noise, 62 
Multi-grid mixer stag(\s, 244, 245 
Multiple hop transmission, 28 
Multiple input response of mixer 
stages, 250 

Musa-systems, 350, 351, 352 
Mutual impedance of antennas, 97 

Neutralization of feedback, 234, 
235 

Noise curves of FM receiver, 324 
Noise due to networks, 64, 65, 66 
Noise due to resonant circuits, 64, 
65, 66 

Noise figure, 67, 68, 69, 70 
Noise figure of a FM receiver, 317, 
318, 319 

Noise figure of antenna, 89 
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Noise figure of diode mixers, 258 
Noise figure of fixi^d antenna en- 
trance stages, 217, 218 
Noise figure of tubes, 77 
Noise figures of mixer stnges, 252, 
253 

Noise figures of u.h t. nM'civcrs, 
198, 199 

Noise of diodes, 50 
Noise of ohmic r(‘sis(ances, 58, 5‘j 
Nois(^ of reception antennas, 85, 
8 () 

Nois(‘ of super-regenei-ative stages, 
290, 291 

Noise of triodes, 00, 01 
Noise output of a receiver, 314, 315 
Noise ratio, 07, 08 
Noise-reducing circuits, 229, 230, 
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Noise reduction in a FI\I receiver, 
320, 321 

Noise reduction in mix(T stages, 
273, 274 

Noise reduction vith irnpuLc re- 
ception, 331, 332 
Noise resistance of tube, 224 

Optimal coupling of coupled cir- 
cuits, 118 

Optimal cross-sectional dimensions 
of wave guides, 140 
Optimum gain of crystal mixers, 
270 

Ordinary rays, 31 
Oscillator design, 105, 100 
Oscillator noise in mixer stages, 272 
Oscillator stages, 259, 2()0, 201 
Output admittance of diode mixer, 
250 

Output noise ratio of a detector 
stage, 315 

Over-modulation, 49 
Over-oscillation, 204, 205 
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l:\oabolic redlectors, 105, 100 
Partition fluctuation current, 02, 
04 

Phas(^ coefficient of transmission 
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Phase-inverter, 309 
Phase modulation, 45 
Phase shifter, 351 
Jdane position indicator (PPI), 
335 

Plu’*ality antenna, 350 
Polarization, 2 

Power-measuring devices, 189 
Preferred types of rectangular 
wave guides, 142 
Probability theory, 50 
Propagation coefficicait of trans- 
mission lines, 120 
Properties of noise ratio and of 
noise figure, 72, 73, 74 
Pulse frequency, 50 
Pulse-fixHiuency modulation, 51 
Pulse-position modulation, 51 
Puls('-time modulation, 51 
Pulse-width modulation, 51 
Pure AM, 44 

Push-pull diode mixers, 275, 270 
Push-pull entrance stages, 228, 229 
Push-pull l.f. stages, 300, 307, 308, 
309 

Push-pull mixer stages, 271 
Push-pull pentode, 229 

Quality factor of tank circuit, 50 
Quality figure of lumped antenna 
circuit, 111 

Quality of cavity resonators, 153 
Quality of resonant circuit, 143 
Quarter-wave skirt, 134, 135 

Radar, 333, 334 
Radar coefficient, 19, 20 
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Radar reflection from the moon, 
335 

Radiation diagram, 84 
Radiation gain, 82 
Radiation reactance of straight 
center-tapped antennas, 94 
Radiation resistance affected by 
the earth, 1 17, 1 18 
Radiation resistance of dipole an- 
tenna, 81 

Radiation resistance of straiglit 
center-tappc'd antennas, 93 
Radiation statistics, 80 
Random polarization, 8() 
Reactance tube circuit, 108 
Reception antennas as sound's of 
power, 80 

Reception area of antcaina, 85 
Reciprocity theonan, 81, 82 
Reflection coefhci(‘nts, (>, 7 
Reflex circuits, 285, 28() 

Reflex klystron os(*illators, 202, 203 
Refraction, 15 

Regenerative detector rcTciving 
set, 284 

Regenerative detector stage', 282, 
283 

Regenerative <‘ffect of screen l(‘ad 
inductance, 232 
Reinforced carrier, 338 
Resistor impexlance, 201, 202 
Resonant circuits at u.h.f., 1 13 
Reversing electronic motion, (>3 
Rhombic antennas, 104 
Red-type parabolic reflector, 100 

Screen grid, 02 

Screening and shielding, 101, 102, 
103, 104 

Secondary emission, 02 
Secondary fluctuation current, 62 
Selectivity curves of FM receiver, 
322 


Side-waves, 42, 43 
Signal-fading, 32 
Silicon crystal detectors, 192 
Single-grid mixer stages, 240 
Single hop transmission, 28 
Single side-band reception, 330), 
337, 338 

Single side-wave modulation, 48, 
49 

Single side-wave rectification, 293 
Single-wir(' antennas, 90 
Skin-effect correction of resistance 
of thin wires, 190 
Skip distance, 21 
Socket conductances, 202 
Space-charg(' limited operation of 
diode, 58 

Specific conductivity, 5 
Specific dielectric capacity (or 
dielectric coefficient), 4, 5 
Specific magnetics permeability, 5 
Specific power, 2 

Spectral representation of AM 
w'av('S, 43 

Spectral representation of FjVI, 17 
Spherical w av('s, 1 
SpontaiK'ous fluctuation noise, 53 
Spurious reflections, 113 
Sejuare law deflection, 295 
Stability of signal generator pe'r- 
formance, 160 
Stacked antenna array, 120 
Standard signal gemerators, 158, 
159 

Stray capacitances, 151 
Stray inductances, 150 
Substitute ek^ctrode, 64 
Sunspots, 33 

Super-n'generation, 287, 288, 289 
Supply source of small internal 
resistance, 348 
Surface search radar, 336 
Surge impedance, 125 
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Surge impedance of antennas, 102, 
112 

Tchebycheff (;urve, 266 
Tee-guide section, 355 
Telegraph communication system, 
52 

Television pentodes, 191 
Tetrode as six-terminal device, 78 
Tetrode noise, 62 
Thermo-electric couples, 191 
Tilted antenna, 102 
Transadmittance (control grid to 
anode), 205 

Transverse-electiic (T-E ) waves, 
136 

Transverse-magiK^tic (T-^I ) 
waves, 136 
Triode noisc^ 61 

Tube input impedarux's, 204, 205 

Usefulf reciuency of t ransmission, 28 

Vectorial repic^senlation of AM 
waves, 44 


Versatile entrance circuits, 213, 
214 

Virtual altitudes of ionospheric 
layers, 22, 23 
Voltage generator, 53 
V-shaped antenna, 104 

Wave antenna, 103 
Wave-band distortion caus(?d by 
'reflection, 13 
Vi'eve conductors, 121 
Wave director, 98, 99 
Wave guldens, 136 
Wave impc^dance of antc^nnas, 102 
Wave imj)edancc of transmission 
lines, 125 

Wave pattern in room, 18 
Wave reflector, 98, 99 
Whistling notes in supca-hetc'rodyne 
receivers, 249, 250 
Wide-band detection, 298, 299 
Wide-band gain figures, 19() 
Wide-band reception, 223 
World maps of propagation condi- 
tions, 25, 26 





